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ABSTRACT 

In order to investigate the nature of compounds 
I and II of horseradish peroxidase, the kinetics of the 
horseradish peroxidase catalyzed ferrocyanide oxidation were 
studied using stopped-flow and steady-state methods. With 
the stopped-flow technique, the pH dependence of the 
apparent second-order rate constant for ferrocyanide 
oxidation by compound I prepared from ethyl hydroperoxide 
and m-chloroperbenzoic acid was interpreted in terms of 
.a Single ground-state dissociation constant having a PK, 
of 5.3. This was identical to the result obtained previously 
for hydrogen peroxide. The second-order rate constant for 
the ferrocyanide-compound II reaction also showed the same 
pH dependence for the three oxidizing substrates. The 
“reaction was interpreted in terms of two ground-state 
acid dissociation constants having PK, values of 8.5 and 
< 2. The same dependence on pH suggested structurally 
identical active sites for both compounds I and II prepared 
from the three different oxidizing substrates. 

The effect of cyanide on the steady-state oxid- 
ation of ferrocyanide catalyzed by horseradish peroxidase 
was studied at pH values 9.00, 7.10 and 5.00. An inhibition 
was observed which could be explained by the binding of 
cyanide only to the native enzyme. This indicated that a 
species, likely a hydroxyl group, was bound at the sixth 


coordination position of the iron in both compounds I and 
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II. Equations were derived from which the rate of attain- 
ment of the steady-state could be computed. 

The kinetics of aromatic amine oxidation catal- 
yzed by horseradish peroxidase was investigated as a 
function of pH at 25° and ionic strength 0.11. p-Amino- 
benzoic acid was used as a substrate to reduce compounds 
I and II. In reactions with both these intermediates 
deviations from a first-order relationship in the enzyme 
were explained in terms of a free radical interaction of 
product with the enzyme. Observed deviations from first- 
order in substrate were explained by a mechanism involving 
an enzyme-substrate complex which reacted with an additional 
molecule of substrate but at a slower rate. The log rate- 
pH relationships similar to those obtained for ferro- 
cyanide suggested similar proton-transfer mechanisms for 
both reducing substrates. The reduction of compound II 
by p-aminobenzoic acid appeared to be influenced by two 
ionizable groups on the enzyme affecting the electronic 
environment of the heme. The lack of influence of sub- 
strate ionizable groups on the rate indicated that the 
reaction in the acid region of pH was diffusion-controlled. 
The reduction of compound I by p-aminobenzoic acid was 
characterized by the influence of two ground-state ion- 
izations only one of which could be assigned unequivocally 
to the enzyme. The dependence of the dissociation con- 


stant for the enzyme-substrate complex on pH indicated a 
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preferential binding of p-aminobenzoic acid's completely 
protonated state. The reaction mechanism for both inter- 


mediates was discussed in terms of transition-state theory. 
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CHAPTER 1 
INTRODUCTION, A SURVEY 

An attempt has been made in this chapter, sub- 
divided for the convenience of the reader, to review the ex- 
tensive literature of horseradish peroxidase. Following a 
brief historical note, several well known peroxidases are 
discussed to emphasize some of their basic similarities 
and differences. 

A discussion of the physical properties of horse- 
radish peroxidase centers about the enzyme's active site, 
critical to the enzyme's kinetic response. The electronic 
nature of the prosthetic group, ferriprotoporphyrin IX, as 
manifest in optical spectra as well as ESR and magnetic 
susceptibility studies is described. Speculation dealing 
with the iron's two axial ligands is mentioned. Investigat- 
ions demonstrating the influence of groups on the porphyrin 
ring are described. The isoenzymes isolated from crude 
extracts and the structure of the enzyme's protein moiety 
are discussed in detail. 

To provide a background for later chapters the 
peroxidatic activity of horseradish peroxidase, the nature 
of its enzymatic intermediates and the types of compounds 
able to function as oxidants and reductants are described. 
Inhibition and activation of the enzyme are mentioned. 
Finally, kinetic studies over a wide range of pH, which 


demonstrate the proton transfer mechanisms participating 
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in the peroxidatic reaction, are considered. 
1.1 Peroxidases 
Htstorical Note: 

Peroxidases are enzymes catalyzing the oxidation 
of a variety of organic and inorganic compounds by hydrogen 
peroxide or related compounds. Widespread in plant materials, 
peroxidases have been implicated with the control of plant 
growth (Galston et al., 1956) and the participation in coup- 
led oxidations (Keilin and Mann, 1955). The interest in 
these enzymes has largely centered about the mechanism of 
their reactions in an attempt to demonstrate their function 
and determine reasons for their presence in living tissues. 

Peroxidase activity was first reported when a fresh 
horseradish root was observed to turn guaiacum an intense 
blue colour (Planche, 1810). Much later, certain substances 
occurring in plant tissues were observed to catalyze the 
oxidation of organic compounds in dilute hydrogen peroxide 
solutions, (Schonbein, 1855). By the turn of the century 
horseradish peroxidase had been isolated and shown to catalyze 
reactions involving phenols and aromatic amines (Bach and 
Chodat, 1903). It was discovered also that ethyl hydrogen 
peroxide could replace hydrogen peroxide as the oxidizing 
agent. The purification of horseradish peroxidase (Willstatter, 
1923) and the determination of its activity (Willstatter, 


1932) was followed by a demonstration that a proportional 
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relationship existed between peroxidase activity and the 
absorption of the enzyme preparation in the Soret spectral 
region (Kuhn et al., 1931). Soret spectral bands were known 
to be typical of iron prophyrins indicating that horseradish 
peroxidase was a hematin compound, a fact that was confirmed 
later (Keilin and Mann, 1937). The cleavage and resynthesis 
of the peroxidase showed,subsequently, that ferripropo- 
porphyrin IX (Fig. 1.1) is the prosthetic group. (Swedin 
and Theorell, 1940; Theorell et al., 1942). 

In 1939 the oxidase function of the horseradish 


ae dihydroxyfumaric acid system was described 


peroxidase - Mn* 
(Theorell and Swedin, 1939). By 1942 horseradish peroxidase 
became the fourth hemoprotein to be crystallized, succeeding 
hemoglobin, myoglobin and catalase (Theorell et ae P94 2))%. 
Participation of peroxidases in some hydroxylations was dis- 
covered by Mason et al. (1957). Dolin (1957), discovered a 
metal-free peroxidase in Streptococcus faecalis and identified 
it as a flavoprotein. 

Oeeurrence and Charactertsties of Peroxidases: 


Peroxidases occur in most higher plants as well as 
bacteria and fungi. They are also found in animals at most 
levels of evolutionary development. In many plants the per- 
oxidase content is greatest in the root system (Wachholder, 
1942). However, there are variations in content depending 
upon the season and the specimen's maturity. As well, per- 


oxidases located in different tissues of the plant may have 
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4 
different properties, making it difficult to generalize con- 
cerning the distribution of peroxidatic activity within 
plants. The roots of horseradishes are particularly rich 
in the enzyme Bey 6 nem reasons (Sumner and Howell, 1936). 
As a result, this has become a convenient source of the much 
studied horseradish peroxidase (EC 1.11.17; donor: H.0. ox- 
idoreductase) referred to hereafter as HRP. Before consid- 
ering HRP in detail, a brief discussion of several other 
known peroxidases will serve to outline the diverse charac- 
ter of this group of enzymes performing a similar function. 

Chloroperoxidase, although having many chemical 
and physical properties in common with HRP, has pronounced 
catalatic properties (the ability to decompose hydrogen 
peroxide) as well as the unique ability to catalyze the 
oxidation of chloride ions. Upon isolation and crystal- 
lization from the mould Caldariomyces fumago (Morris and 
Hager, 1965), the prosthetic group was shown to be ferri- 
protoporphyrin IX. The minimal molecular weight was 40,200 
based on heme content and 42,000 based on hydrodynamic 
measurements. This enzyme is a glycoprotein with the carbo- 
hydrate moiety contributing 25% to 30% to its total molecular 
weight. The protein moiety is rich in four amino acids: 
aspartic acid, glutamic acid, serine and proline. These 
residues constitute 45% of the tctal amino acid content. 

The native enzyme has an absorption maximum at 403 nm. 
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function of chloroperoxidase is believed to be related to 
the oxidation of chloride ion in the biosynthesis of the 
fungal metabolite Caldartomycin (2,2-dichloro-1,2-cyclo- 
pentanediol). 

Another hemoprotein known to contain a single 
prosthetic group (ferriprotoporphyrin IX) is cytochrome c 
peroxidase. Its molecular weight of 34,100 is somewhat lower 
than other peroxidases because of the absence of a carbo- 
hydrate moiety (Yonetani, 1970). Although first isolated 
from baker's yeast in 1940 (Altschul et al., 1940), it was 
not until 1965 that a highly purified preparation was obtained 
(Yonetani and Ray, 1965) and the enzyme crystallized (Yonetani 
eroal~,el96sye bltsispecificractivity’towardsferroecytochrome 
c is exceedingly high when compared ein other reducing 
agents. Apparently, this specificity is integrally involved 
with the formation of a definite complex with both oxidized 
and reduced forms of cytochrome c. The interaction between 
the two macromolecules may be electrostatic since they are 
acidic and basic proteins (Yonetani, 1970). 

Iodide oxidation is almost ubiquitous to hemoproteins. 
The biosynthesis of the growth hormone, thyroxine, occurs 
through the oxidation of iodide catalyzed by a peroxidase 
isolated from mammalian thyroid glands (Hosoya, 1968). 
Thyroid peroxidase has also been implicated in the iodination 
of tyrosine residues of thyroglobulin (Taurog, L970) Paasust 


recently it has been shown that the enzyme exhibits specificity 
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in the iodination of tyrosine residues in a peptide linkage, 
which suggests specific interaction of the protein with the 
peptide substrate (Krinsky and Fruton, 1971). Thyroid per- 
oxidase, isolated in a relatively pure form (molecular weight 
62,000) exhibits spectral characteristics typical of hemo- 
proteins (Taurog, 1960). However, because the spectral 
details are somewhat different from HRP, it would appear 
that the prosthetic group is more tightly bound or, possibly 
not ferriprotoporphyrin IX. Nevertheless, the heme may be 
extracted with 0.2 N HCl-acetone indicating that it is not 
covalently bound to the protein moiety. 

A green hemoprotein, myeloperoxidase, was isolated 
from the white blood cells found in pus (Agner, 1941), and 
was subsequently crystallized (Schultz, et atv, 729574 Agner; 
1958). The molecular weight was determined as 149,000 
(Agner, 1941) with an iron content corresponding to two 
prosthetic groups. The carbohydrate moiety was shown to be 
absent. The Soret spectrum exhibits two distinct maxima in 
the absorption pattern. Apparently one of the porphyrins 
was extracted readily with acetic acid -ether whereas the 
second was more tightly bound. Neither group has been 
positively identified. The enzyme is capable of activating 
chlorine, apparently to hypochlorite. Since the two pros- 
thetic groups of myeloperoxidase are unique, this may be a 
prerequisite to formation of the chloride compound (Paul, 
USG3.)y3 


Bovine lactoperoxidase, readily purified from cow's 
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milk, has been the most extensively studied animal peroxidase. 
This glycoprotein has a molecular weight of 75,000-80,000 
with a single heme group (Rombouts et al., 1967). The 
prosthetic group has not been unequivocally identified because 
Of the difficulty in extracting it from the protein moiety 
with organic solvents. However, it has been suggested that 
the prosthetic group may be a derivative of mesoheme Ix, 
with the heme-protein linkage occurring through an ester bond 
(Hultquist and Morrison, 1963). The prosthetic group is not 
ferriprotoporphyrin IX, the different hemes of lactoperoxidase 
and HRP manifesting themselves in the different absorbances 
characteristic of the native enzymes and their complexes. 
Despite these differences, the catalytic properties of lacto- 
peroxidase-catalyzed oxidation of Wea iae (Maguire and Dunford, 
1972a) and p-cresol (Maguire and Dunford, 1972b) bear a 
striking resemblence to the HRP-catalyzed oxidation of these 
compounds (Roman ef al., 1.971; Gritehlow and Dunford, 1972a).. 

Japanese-radish and turnip peroxidase, both iso- 
lated from plant roots, are two enzymes which have the same 
prosthetic group as HRP. Recently, the Japanese-radish per- 
oxidase crude extract has been reported to consist of eigh- 
teen isoenzymes (Morita et al., 1970). Isoenzymes, usually 
characterized by different molecular forms of the protein 
moiety, will be discussed in considerable detail for HRP 
later in this chapter. An abundance of an acidic isoenzyme, 


designated by these workers as No. 3, was found. This was 
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in contrast to the preponderance of a neutral species in HRP 
crude extracts. The molecular weight of isoenzyme No. 3 
was reported as 45,000 (Morita et al., 1971) whereas a 
second basic isoenzyme which was readily crystallized was 
found to have a molecular weight of 30,000. Some of the 
difference in the molecular weight reflected a smaller carbo- 
hydrate moiety. Turnip peroxidase has been shown to contain 
five isoenzymes (Mazza et al., 1968) which show marked dif- 
ferences in their spectral characteristics, unlike HRP iso- 
enzymes. Recently, an investigation of the most basic- and 
most acidic isoenzyme has indicated differences in the 
environment of the heme iron (Ricard et al., 1972). 

A number of peroxidases which are not hemoproteins 
are known to exist in living tissues. One of these is 
glutathione peroxidase first reported by Mills (1957) and 
later shown to be present in a wide variety of tissues (Mills, 
1960). Originally isolated from bovine erythrocytes, this 
enzyme was shown not to be inhibited by azide or cyanide 
(Mills, 1959). The enzyme is heat labile and plays a primary 
role in protecting hemoglobin from oxidative degradation in 
both catalase-rich and catalase-deficient erythrocytes (Cohen 
and Hockstein, 1963). Recent kinetic studies confirm that 
the main metabolic pathway of hydrogen peroxide destruc- 
tion at low concentration (107°m) is the enzymatic oxidation 
of glutathione by glulathione peroxidase (Flohe et al., 1969). 


The sulphydryl compound is oxidized to the corresponding di- 
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sulphide. The enzyme shows a radically different reducing 
substrate specificity when compared with hemoproteins. 

For example, pyrogallol, guaiacol, or toluidine will not 
serve as hydrogen donors (Mills, 1959). As well, this 
peroxidase oxidation has a maximum activity at pH 8 with no 
observable activity below pH 6. This behaviour, together 
with its insensitivity to conventional inhibitors of heme- 
proteins, is characteristic of flavoproteins. 

Another flavoprotein with peroxidase activity was 
isolated from the bacterium Streptocuccus faecolts and 
purified (Dolin, 1957). The enzyme has a minimum molecular 
weight of 120,000, contains flavin adenine dinucleotide 
(FAD) as a prosthetic group with no heme or metal ion. 
Unlike hemoproteins, the enzyme shows a high degree of sub- 
strate specificity with diphosphopyridine nucleotide (DPNH) 
the only known physiological reductant. Kinetic inves- 
tigations suggest the formation of a ternary complex with a 


possible mechanism (Dolin, 1961): 


FP + DPNH 2 FP.DPNH (apa 
> 
FP.DPNH + H,0, ~ FP.DPNH.H,0, (qo) 
> (abe 
FP + HAO. ee FP.H,O, ( ) 
FP.DPNH.H,0, + i Ep eeDeN, 2,0 (1. 4) 


where FP represents the native flavoprotein, FP.DPNH, FP.H.0., 


FP.DPNH.H the three possible intermediate complexes and 


re) 
DPN the oxidized form of diphosphopyridine nucleotide. 
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Peroxidatic activity has been observed also with 
other hemoproteins such as hemoglobin, myoglobin and catalase 
but their function as peroxidases are inefficient in com- 
parison with true peroxidases. Catalase catalyzes the de- 
composition of hydrogen peroxide to oxygen and water. 
Catalase and peroxidase are related enzymes insofar as they 
are both capable of promoting hydrogen peroxide oxidation 


by mechanisms which involve similar enzymatic intermediates. 


Model systems consisting of metal ions in aqueous 
solution (Barb et al., 1949; 195la; 1951b; Baxendale, 1952; 
Kremer and Stein, 1959, Haggett et al., 1960; Kremer, 1962; 
1963), hemin (Kremer, 1965; 1967; Gatt and Kremer, 1968; 
Brown et al., 1968; Brown and Jones, 1968) and various 
chelated cations (Wang, 1970; Sigel, 1969) have been inves- 
tigated. Frequently, catalytic efficiencies of such systems 
were found to be orders of magnitude less than true peroxidases, 
and, at least in some cases, the oxidation products were 
found to be different (Saunders et al., 1964). This would 
suggest reaction mechanisms for model systems that are dif- 
ferent than for peroxidases. Jones et al. (1959) proposed 
a mechanism for the decomposition of hydrogen peroxide 
catalyzed by ferric salts involving the replacement of water 
molecules in the hydration shell of the cation forming ferric- 
peroxy complexes. Later, spectrophotometric evidence for 
complexes of the type [Pe (H,0) ,(H,05)1*> was presented 


(Haggett et al., 1960). Studying the hemin-catalyzed 
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oxidation of ascorbic acid, Kremer (1967) proposed that 
the reaction proceeded through two enzymatic intermediates 
in an analogous fashion to the HRP-catalyzed reaction. How- 
ever, in this investigation no consideration was given the 
autoxidation of hemin. Brown et al. (1968) showed the hemin- 
catalyzed reaction cannot be studied easily since the latter 
was Oxidized by hydrogen peroxide to a spectroscopically 
well defined catalytically active species designated as 
hemin (A). A study over the pH range 6.5 - 13.2 suggested 
that hemin (A) and hematin (A) functioned as independent 
catalytic entities (Brown and Jones, 1968). Recently, 
spectrophotometric evidence for a peroxidatic deuterhemin- 
peroxide complex similar to the HRP intermediate compound I 
has been reported (Portsmouth and Beate: 1971). These 
workers and others (Kurozumi et al., 1961) have accounted 
for slower reaction rates of model peroxidase systems in 
terms of the rate of formation of this enzymatic intermediate. 
The rate at which this intermediate reacts with reducing 


agents is affected to a lesser extent. 
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| aa Physical Properties of HRP 
Opttcal Spectrum: 


Hemoproteins are most frequently characterized 
by their ultraviolet and visible spectra. The interpretation 
of spectra for several hemoproteins has been reviewed by 
Smith and Williams (1969). Metalloporphyrin spectra exhibit 
three distinct bands resulting from 1+ m* transitions in the 
conjugated ring system. Two of these bands appear in the 
visible spectral region (molar absorptivity ~ iii Mm tom7+) . 
Heme proteins present a more complex spectrum with several 
additional visible spectral bands probably resulting from 
charge transfer. The band in the Soret has been used in 
this work, as in most other investigations involving hemo- 
proteins, as a monitor of concentration. The change in the 
maximum absorption in this spectral region also has been 
used to distinguish between the various enzymatic species 
of HRP and complexes which it forms. The intensity of this 
band permits one to follow the rate of appearance or disap- 
pearance of the HRP intermediates conveniently in very 
dilute solutions (~10 6m). 
The Structure of Nattve HRP: 

Native HRP consists of a protein moiety to which 
is bound the prosthetic group, ferriprotoporphyrin Ix 
(Fig. 1.1). The enzyme's molecular weight is 42,000. A 
carbohydrate moiety associated with the protein structure 


constitutes 18.4% of this total weight. Although the protein 
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consists of nearly 300 amino acid residues, many having 
ionizable groups, one need only consider the enzyme's 
active site in order to explain most gross kinetic effects. 
It is generally accepted that the paramagnetic iron is 
located at this active site. The reasons for this belief are 
many. Transition metals are easily interconverted between 
their oxidized and reduced forms. All metals of the first 
transition series are known to catalyze oxidations in 
solution (Bateman, 1954; Waters, 1958). In addition to the 
peroxidatic activity observed for iron salts and hematin in 
dilute aqueous solution, the respiratory hemoproteins myo- 
globin and hemoglobin, that have the same prosthetic group as 
HRP, are known to bind oxygen. Ina similar manner to HRP, 
this process can be retarded by classic anionic inhibitors 
such as fluoride, cyanide and azide. The corresponding 
change in the visible spectrum attributed to the binding of 
these species to heme can be observed. Hence, because of 
its prime catalytic importance, the configuration of the iron 
and its immediate environment have been investigated extensively. 
The paramagnetic iron is octahedrally co-ordinated 
with the four equatorial positions occupied by pyrrole 
nitrogens (Fig. 1.1). These four ligands are conventionally 
numbered one through four. The axial ligands are numbered: 
five for the donor group which is associated with the protein, 
and six for the site accessible to the aqueous medium believed 


to be occupied by a weakly co-ordinated water molecule. The 
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15 
structure of metmyoglobin is known to a resolution of 1.4 D. 
In this enzyme the iron atom is located 0.3 - 0.5 A on one 
side of the planar porphyrin ring equidistant from the four 
nitrogen atoms (Watson, 1968). The ESR studies of Blumberg 
et al. (1968) have indicated a lack of axial symmetry about 
the co-ordinated iron in HRP. Recent investigations of the 
native enzyme and the protein moiety after removal of the 
prosthetic group (apoenzyme) demonstrate major structural 
differences between the two proteins far beyond those reason- 
ably expected from conformational change (Phelps et al., 1971). 
Although it has long been thought that the ease with which 
the heme may be reversibly detached from the apoenzyme is 
good evidence to indicate that the heme is not covalently 
bouna, to the protein, the. titration data’ of Phelps es av. 
would suggest that the protein-heme interaction, nevertheless, 
may be sufficiently strong to distort the protein backbone 
and the structure of the heme group. 
Nature of the Axtal Ltgands: 

The manner in which the prosthetic group in HRP is 
attached to the protein is not known with certainty. It is 
generally accepted that the fifth co-ordination site is oc- 
cupied by an amino acid residue of the polypeptide chain. In 
the case of myoglobin, which has spectral and magnetic prop- 
erties similar to those of HRP, it has a histidine residue 


at the fifth position and a water molecule at the Sixth co- 


ordination position. However, it has been suggested that 
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the different chemical behaviour of these two hemoproteins 
may be related to the nature of the bound species at the 
iron's axial co-ordination sites. Brill (1966) has sugges- 
ted that there are only a limited number of possibilities for 
the ligand at the fifth position of the heme iron in HRP: a 
carboxylate anion, a histidyl imidazole, an amino group, a ty- 
rosyl phenolate, or a sulphydryl group of cysteine. The last 
possibility may be excluded since all cysteine groups present 
in HRP partake in disulphide bridges (Welinder et al., 1972). 
On the basis of titration data, Theorell (1943) 
first suggested that a carboxyl group was co-ordinated to 
the heme iron. Investigations of mixed ferriprotoporphyrin 
IX complexes in aqueous solution indicated that nitrogenous 
ligands are more effective in enhancing the peroxidatic 
activity than oxygenated ligands (Tokjo et al., 1962). 
Nakamura et al. (1963) observed a maximum peroxidatic 
activity with a mixed ligand system at the axial positions, 
namely, histidine and guanidine. This suggested that his- 
tidine may occupy the fifth position in HRP. By way of a 
trans effect, this would necessarily imply a weakly co- 
ordinated ligand in the sixth position. Since lower rates 
of peroxidation were associated with a much slower rate at 
which peroxide interacted with the heme, this trans effect 
would account for the rapid interaction of peroxide at the 
sixth position to form the HRP intermediate compounds. 


Smith and Williams (1969) have similarly concluded that 


ante to: gomert ows aesis Ip 1008Y ari di. F 
ad3 38 esineds barod aii to 9 ‘ n ad 9 , 
~eeppue ead (def) LList .detke siting te 
to% estsilidizeog to wodnen ba ime & ying ots. onanly 3 
& 29HH af oxi emer sift to: woittzod ASIEt i 35 tacit 
ayt a . quote ie, ns LOR BHE iybizeid « . aoias. ¢ 
dur ant? -oniss eyo ‘30 auanp Lyxbydatae tae ceratgands 
Sasee%q equotp entetey> as sonte Babuloxe ad yer yot 
,HSVRL ,.fo 4s seb slow) eophisd obidiqtught ai. levied 4 


(ORNL) LiexoedT , soak noiaiaxahis 0 ised ad3 10. ie ae. 


a | 
od baveni: 1O“00 BBW quo TD iypeodiuss B SARE besasepug Jeukk 
| diteyrierroqoto sat" eros boxion, 16 copisspesesvad ‘ | omen ; 4 | 
} auomaporsin sald £ hedsorbat noivuloe auceupe oe eoxeLqmon 3 
7 d | Sitabi xoseq esis paisamsdne mt evisootte ston Sis. om t et 


~€200L , 5s, Hs apxor) ebrspit aad a sedis wy 
f | Sidsbizozsq mise 238 Be pevasedo (288%) ia, $9. st 
| Se tiniees Ieine sit +5 | mneteye paipkt boul S ds hw he 
ai Sans Sedsepoue Bint ss kb iat aya e) oatbisetd vie Z 


on, 


8 5 ko yew ya’ da fe nottiege shia ont ygtooo Yam « 

“ots Chola e Ylqmée ylissexooen bivew eid ,toetta 
or tewoal sprig. ep iabees, Maxie ent af, bampit bet sate. xO 
, pes o352 teyola dpum,. % ae bassioosas siaw i 
re ¥ fens pies aids amis ail cabo bedoawetal sbixoxsq cle ry pi 
ae 36 ebixored _ ee, oe | ont, x02 JaLOODE Pat | 
z “» Benuognes lait $n sii x03 Reena te 


ec alt ln a 


5 pt = 5! 


1 
histidine and water are the axial ligands in HRP by com- 
paring its visible spectrum with myoglobin and hemoglobin. 
Using difference spectroscopy below 250 nm. the same con- 
clusion has been reached (Brill and Sandberg, 1968). 
Structural Modtftecation Studtes: 

Myoglobin, having the same prosthetic group and a 
visible spectrum similiar to that of HRP has often been used 
as a model to describe the molecular structure surrounding 
the heme of HRP. In myoglobin the porphyrin ring is held in 
a crevice of the protein with the vinyl groups buried in a 
hydrophobic interior, the iron co-ordinated in the fifth 
position with an imidazole side-chain, and the propionic 
acid groups weakly bound to basic amino acids near the 
protein's outer perimeter (Kendrew, 1962). 

That the side-chains of the heme group are fun- 
damental to the heme-protein association and to the catalytic 
activity of HRP has been demonstrated by investigations in- 
volving modified heme groups. Many years ago Theorell (1941) 
demonstrated the reversible cleavage of HRP into ferriproto- 
porphyrin IX and the apoenzyme. Later, it was shown that 
recombination of the apoenzyme with protoporphyrin IX (no 
chelated iron atom present) could be accomplished and that 
ferriprotoporphyrin IX and protoporphyrin IX compete fou 
the same site on the protein (Maehley, 1961). Apparently, 
heme side-chain interactions play a primary role in binding 
to the protein. Furthermore, it has been well established 


that the propionic acid residues at positions six and seven 
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of the porphyrin ring (Fig. 1.1) are essential to the enz- 
VWmatic activity of HRP) (Theorell et ai., 1942; Paul, 1958; 
Paul, 1959). The esterification of these acid groups greatly 
reduces the affinity of the protein for the heme (Maehly, 
1961; Tamura et al., 1972). The monomethyl ester's activity 
was 20% of that of the native enzyme's, and the dimethyl 
ester was inactive (Tamura et al., 1972). Substitution of 
the vinyl groups in the two and four ming positions in some 
cases caused a decrease in activity but the effects could 

be described as minor, never rendering the modified system 
enzymatically inactive (Paul, 1959). 

Further evidence exists that would suggest that 
the heme side-chains play a very specific role in the per- 
Oxidatic mechanism. The monomethyl ester of ferriproto- 
porphyrin IX upon recombination with the apoenzyme reacted 
in a normal fashion with cyanide, fluoride and carbon mon- 
oxide to form well-defined complexes. Intermediate compounds 
of HRP were readily formed from hydroperoxides. However, 
in the case of the dimethyl ester, neither ligand binding 
nor intermediate compound formation were observed suggesting 
that the ionizable carboxyl group a positions six or seven 
was mandatory for ligand binding and peroxidatic activity 
(Tamura et al., 1972). Substitution of the vinyl groups 
for acetyl groups depressed the enzyme's activity, but the 
rate at which peroxide reacted with the modified enzyme to 


form the intermediate compounds was not affected. The rate 
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at which compound II reduction occurred accounted in total 
for the observed decrease in the overall reaction rate 
(Chance, 1960). (See Fig. 1.2 for reaction cycle). 

The Electronte Configuration of Heme Iron in HRP and tits 
Complexes: 

ESR, magnetic susceptibility and visible spect- 
roscopy have been used to probe the paramagnetic iron's 
electronic configuration in hemoproteins. Magnetic moments 
have been measured for native HRP and its complexes (see 
Table 1.1). Generally, the ESR signals obtained have agreed 
with earlier conclusions regarding the number of unpaired 
electrons (Peisach et al., 1968). A thermal equilibrium 
between high and low spin states of ferric hemoproteins 
was originally suggested by Theorell and Ehrenberg (1951). 
This implies that the iron porphyrin has an electron pairing 
energy such that at very low temperatures the low spin state 
will predominate but will be converted to the high spin 
state with increasing temperature as the electron pairing 
energy is overcome. To pursue this point further, tem- 
perature dependent studies of paramagnetic susceptibilities 
of hemoproteins using a sensitive torsion balance demon- 
strated that the Curie Law was not obeyed (Iizuka et al., 
1968; Iizuka and Kotani, 1968, 1969a, 1969b). This 
phenomenon was explained by thermal mixing of high and low 
spin states. The ESR signal of Japanese-radish peroxidase 


was found to be characteristic of high and low spin states 
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Table 1.1: The Magnetic Properties of Native HRP and its 


Complexes 

Magnetic Moment ESR Signature 

(Bohr Magnetons) (77 °R) 
HRP 5.5% High Spin?’° 
HRP-OH 5e7° Low spin?’ 
HRP-CN ang? Low Spin?*¢ 
HRP-F Bt9e High Spin® 
HRP-N - High Spin® 


“xeilin and Hartree (1951) 
Dpeisach et alt. (1968) 
“pamura (1971a) 
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at liquid nitrogen temperatures (Morita and Mason, 1965) 

as was cytochrome-c peroxidase (Yonetani and Ehrenberg, 1967). 
A similar thermal equilibrium was used to explain the tem- 
perature dependence of magnetic susceptibilities of the HRP- 
azide complex (Tamura, 197la). Investigations from liquid 
nitrogen to room temperature indicated that the HRP-CN 
complex was a pure low spin complex and HRP-F was a pure 

high spin complex. The native enzyme, however, appeared to 
consist of a pH dependent mixture of three distinct molecular 
forms, only two of which were, in turn, thermal equilibrium 
mixtures of high and low spin states (Tamura, 1971b). 

An ESR study at liquid hydrogen and liquid helium 
temperatures was completed over a range of pH for two iso- 
enzymes of HRP, the acid and neutral forms (Tamura and Hori, 
1972). Isoenzymes and the heterogeneity of HRP are dis- 
cussed in detail below. The results obtained were consistent 
with the existence of the three pH dependent components of 
each isoenzyme where interconversion could be accounted for 


in terms of ionizations of single acid groups: 


LAist So) 
HRP(acid) 2 HRP(1l) ¢ HRP(Alkaline) 
The pK's for the neutral isoenzyme were PK, = 9 and pK, = ial 
whereas for the acid isoenzyme the values were PK = 6.5 and 
PK. = 9, It was suggested that there were two enzymatic 
components in acidic solution, HRP (Acid) and HRP(1), each 


of which appear thermally equilibrated between the two spin 
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states. In the alkaline pH region only one component, HRP 
(Alkaline), appeared to exist in a pure low spin state over 
the temperature range 1.4 - 293°K. The optical absorption 
spectra were in good agreement with these conclusions (Tamura 
and Hori, 1972). Fromoptical spectra the PKo, indicative 
of the transition from HRP(1) to HRP(Alkaline), is observed 
at room temperature. This transition has been simply ex- 
plained by the deprotonation of a water molecule co-ordinated 
at the heme iron's sixth position: 

6 


Fel ars Oly 2 Fe? 


ea Oars nie 

This equilibrium has been investigated by optical spectros- 
copy (Keilin and Hartree, 1951; Ellis and Dunford, 1969), 
magnetic susceptibility (Theorell, 1942) and ESR measurements 
(Morita and Mason, 1965; Blumberg et al., 1968). However, 
the transition from HRP(Acid) to HRP(1) is not observed 
optically at room temperature. This is explained readily 
because of the similarity of the two high spin forms of 

HRP (Acid) and HRP(1) predominating at room temperature. The 
transition from HRP(1) to HRP(Alkaline) is observed because 
of the change in spin state which must occur at room tem- 
perature. 


The PK. was observed to be 8.9 for HRP (neutral 
isoenzyme) reconstituted from the monomethyl ester of ferri- 
protoporphyrin IX, but 10 - 11 for HRP reconstituted with 


hemes containing different substituents at positions two and 
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four of thei ring (Tamura et ail.,°1972),.. -:‘These latter 

values for PK, were not very different from that of the 
native enzyme. Therefore, these results would suggest that 
the propionic acid ionization is integrally involved in the 
transition HRP(1) - HRP(Alkaline). Interestingly enough, 
this is the same conclusion arrived at for intermediate 
compound formation and complex formation. By comparison 
with metmyoglobin and methemoglobin one might conclude that 


the pK, is a result of ionization of histidine at the heme 


al 
iron's fifth co-ordination position in HRP (George et al., 
1961). This discussion will be pursued further in a later 
chapter concerning a well-defined PK, observed for the HRP 
intermediate compound II in the alkaline region of pH. 
Heterogeneity of Native HRP: 

The presence of more than one component in HRP 
was first reported by Theorell (1942). Of the two species 
separated electrophoretically, the second peroxidatically 
active component was called paraperoxidase. These two 
enzymatic species were identical in composition except that 
paraperoxidase lacked the carbohydrate moiety (Theorell and 
Akeson, 1943). The paraperoxidase was found to denature 
much more readily at extremes of pH and in unbuffered 
solutions at room temperature. This would suggest that the 
carbohydrate serves to stabilize the tertiary structure of 


HRP. 


Later, further enzyme heterogeneity was established. 
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Several components, called isoenzymes, were isolated from 
the crude HRP extract. Generally, each isoenzyme of a crude 
enzyme preparation has the same enzymatic specificity but 
possesses different molecular forms of the protein and, in 
some cases, exhibits different activity. Isoenzymes generally 
differ in their primary amino acid sequence, but recent 
success in demonstrating the interconversion of the multiple 
enzyme forms of chicken mitochondria malate dihydrogenase 
(Kitto et al., 1966) would suggest that some isoenzymes 
also may differ only in their conformational forms. As 
Many as twenty different isoenzymes have been reported for 
HRP using thin layer isoelectric focusing (Delincée and 
Radola, 1970). Although the authors argue that this iso- 
electric focusing technique provides a higher degree of 
resolution than other investigations, these workers have 
not been able to characterize the reported isoenzymes. As 
a result the possibility of enzyme fragmentation or protein 
aggregation cannot be ruled out in these experiments. 

From a crude ammonium sulphate suspension of HRP 
Shannon et al. (1966) have isolated and purified seven iso- 
enzymes, Al, A2, A3 and B,C,D,E, by column chromatography. 
Each isoenzyme was characterized with regard to electrophor- 
etic mobility, sedimentation coefficient, RZ value (ratio of 
the absorbance of the Soret maximum to that at 280 nm.), 
chromatographic behaviour, amino acid composition (Table HL rog2a) 


and carbohydrate analysis. No interconversion among these iso- 
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enzymes was detected and the two most abundant isoenzymes 
B and C were crystallized. The HRP heterogeneity was found 
to affect the catalytic properties (Kay et qaZ., 1967). As 
is apparent from Table 1.3, these isoenzymes of HRP can be 
classified into two distinct groups based upon their per- 
Oxidatic activity, Al, A2 and A3 comprising one group and 
B, C, D and E comprising the other group. Strickland et al. 
(1968) have investigated the isoenzymes Al and C and the 
corresponding apoenzymes using circular dichroism in the 
visible-ultraviolet spectral regions. Their results and 
the tryptic mapping experiments of Chen (1968) have demon- 
strated that these isoenzymes may be further classified into 
three groups based primarily upon their amino acid com-— 
position which in turn is reflected in their different con- 
formational forms and electrophoretic response: an anionic 
group Al and A2, a second anionic group A3 and a third 
Cationic group B, C, D,, &. 

Paul and Stigbrand (1970) have isolated four iso- 
enzymes from an HRP extract by column chromatography: a 
highly acidic HRP(I), a neutral species HRP(III) and two 
basic fractions HRP(V) and HRP(VI). These homogeneous 
fractions were characterized by gel and disc electrophoresis 
as well as by isoelectric focusing. Their isoelectric points 
well reflected the amino acid composition. Possibly there 
are only three isoenzymes isolated in this case since HRP (VI) 


was essentially identical to HRP(III) except that a fragment 
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Table 1.2: 


of HRP Isoenzymes (Residues-Mole _ 


Amino Acid 


Lysine 
Histidine 
Arginine 
Aspartic Acid 
Threonine 
Serine 
Glutamic Acid 
Proline 
Glycine 
Alanine 
Half-Cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 


Phenylalanine 


4shannon et al. 
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Table 1.3: The Catalytic Properties of Horseradish 


Peroxidase Isoenzymes in o-Dianisidine Oxidation 


H,0. Required 


Isoenzyme pH Optimum Azide Required 
Por’ 50% Inhibition For 50S Inhibition 
(1073) (107 >m) 
Al 5.8 ead Che, 
A2 546 9.8 gh: 
A3 Sle) 2.0 25 
B 520 0.8 253 
C 540 On Pie I 
D 540 0.9 2 
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of forty amino acids was absent in the former. From a com- 
parison of the electrophoretic response and the relative 
amounts of arginine and methionine in the amino acid analyses 
(Table 1.2), isoenzyme HRP(III) may be identified with B and 
C,and HRP(I) associated with Al, A2 and A3. However, there 
appears to be nothing corresponding to HRP(V). Therefore, 
there is agreement that an acidic and a neutral isoenzyme are 
present in HRP preparations but results are not as well 
defined for the basic enzymatic forms. The fractions B and 
C show little difference in their amino acid composition 
but C has a carbohydrate moiety about 20% smaller than B. 
For this reason Paul and Stigbrand (1970) have suggested 
that B may have been formed from C under the rather 
severe acid conditions used in elution of these fractions 
from the CM-cellulose column. Although the inconsistencies 
among these workers may be attributed to variations in the 
composition of the crude extract dependent upon environ- 
mental conditions of the plant, there is no conclusive 
evidence to indicate that this is, in fact, the case. 

Tt has been shown that both isoenzymes HRP(III) 
(Paul and Stigbrand, 1970) and B, C (Shannon et al., 1966) 
account for about 50 % of the total enzymatic activity in 
the crude extract. Several commercial samples of HRP have 
been investigated using the techniques of Shannon et al. 
(1966) and Paul (1958). No acidic isoenzymes were detected 


(Kasinsky and Hackett, 1968). Welinder et al. (1972) have 
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isolated an electrophoretically pure component corresponding 
to HRP(III) from HRP purchased from Mann Research Laboratories, 
and show that the tryptic peptide maps of electrophoretically 
pure HRP from Worthington Biochemical Corporation to have 
no significant differences from the Mann product. Using 
gel isoelectric focusing (pH = 8 - 10) the two bands ob- 
served in the sample were attributed to differences in the 
carbohydrate moiety and not the primary amino acid sequence. 
Phelps and Antonini (1969) have isolated HRP(III) as the 
major component from HRP obtained from Boehinger-Mannheim. 
Similar results have been reported from this laboratory 
(Roman, 1972). Kinetic results obtained using both the 
second grade and electrophoretically purified HRP from 
Boehinger-Mannheim have shown no significant differences. 
At no time could the observed kinetics be interpreted in 
terms of HRP heterogeneity. Therefore, it would appear that 
this commercial source of HRP, used for all investigations 
described in this thesis, contains a large preponderance 
of the isoenzyme HRP(III) with kinetically undetectable 
amounts of the acid form HRP(I). A further discussion on 
this point will be postponed until Chapter 3. 
Strueture of the HRP Protein Motety: 

As mentioned previously, attempts to define the 
protein's primary structure in the form of amino acid analysis 
have shown the major differences among the HRP isoenzymes 


to be attributable to different amino acid composition. 
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Recently, amino acid sequence studies of HRP(III) (Welinder 
et al., 1972) have defined complete sequences for 21 tryptic 
peptides accounting for 203 of the approximately 300 amino 
acid residues. Eight sites for carbohydrate attachment were 
identified of which seven appear to involve asparagine. 

Four disulphide bonds were identified, and an N-terminal 
pyrrolidone carboxyl group suggested. 

Investigations of protein structure by optical 
rotatory dispersion (ORD) and circular dichroism (CD) have 
made major contributions to the measurement of the presence 
and extent of secondary structure. The phenomenon of ORD 
occurs when a medium containing assymetric molecular forms 
transmits the two circularly polarized components of an in- 
cident beam of plane-polarized light unequally. The result 
is an emerging ray of plane-polarized light rotated with 
respect to the incident ray. In the case of CD the two 
circularly polarized components of the incident ray are 
absorbed unequally giving rise to an elliptically polarized 
emergent beam. The two effects are intimately related. ORD 
is a dispersive phenomenon whereas CD is an absorptive 
phenomenon, observable only in the frequency intervals where 
optical absorption occurs. As a result, CD spectra may be 
interpreted with far less ambiguity. 

In proteins, the optical activity is not necessarily 
an additive function of the various amino acid optical ac- 


tivities comprising the polypeptide chain. More specifically, 
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the a-helix shows a very marked extra dextrarotatory power 
because of its own particular conformational assymetry. 

The depth of the ORD trough at 233 nm has been shown to be 
conformation dependent and its depth has been used as a 
measure of the protein's a-helical content (Simmons et qal., 
1961). An ORD investigation of HRP indicated an a-helical 
content of 43% which was reduced significantly upon splitting 
the heme from the protein (Ellis and Dunford, 1968a). How- 
ever, no gross conformational changes could be attributed 

to complex formation (i.e. HRP-CN, HRP-F and HRP-OH). 

The protein's conformational characteristics were 
investigated for the two isoenzymes HRP(I) and HRP(III) by CD 
(Strickland et al., 1968). The results suggested very similar 
active sites with only minor conformational differences in 
protein structure. The a-helical content for each was es- 
timated at 40%. Upon formation of the HRP intermediates, 

a minor change in the CD spectrum at 282 nm was attributed 

to the reorientation of one or two aromatic amino acids. 
Otherwise, the similar spectral pattern suggested the same 
secondary structure in the native enzyme and its intermediate 
compounds. A comparison of the CD and absorption spectra of 
ferrimyoglobin, ferri-HRP, and the corresponding cyanide 
complexes suggested that the conformation of the protein 
moiety surrounding the heme in ferri-HRP was significantly 
different from that of ferrimyoglobin (Willick et al., 


(1969). The dramatic reduction in the heme-associated 
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optical activity upon HRP reduction from the ferri to the 
ferro form indicated that HRP undergoes a local conformational 
change with respect to the heme upon its change in oxidation 
seace, (Willick. et oal.)). 

Pe perelLOxidatic Activity of HRP 

Catalysts: 

HRP catalyzes the peroxidation of aromatic amines, 
phenols and a variety of inorganic reducing agents. The 
reaction proceeds by way of a number of intermediate steps 
distinguished by the Tea of unstable intermediate 
compounds with profoundly different spectroscopic properties. 
These reaction steps are represented diagrammatically in 
Fig. 1.2. As may be surmised from the diagram, the perox- 
idatic reaction involves primarily the two intermediates HRP-I 
and HRP-II. Kinetic experiments have confirmed that HRP-I 
precedes HRP-II and have demonstrated that HRP-II was 
formed only from HRP-I (Chance, 1949a). George (1952) 
showed by means of titrations with ferrocyanide, ferrous 
sulphate, and ferrocytochrome-c that HRP-II reduction to 
HRP involved a one-electron transfer. Chance (1952a) found 
a similar one-electron transfer when HRP-I was reduced to 
HRP-II. For many years it was believed that HRP-I could be 
converted only to HRP-II (Chance, 1949a) but recent inves- 
tigations have shown that HRP-I may be reduced directly to 
HRP in a two-electron transfer process with some inorganic 


reducing substrates (Roman and Dunford, 1972a,- 1973s), 
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HRP - || <———— HRP - 
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Fig. 1.2: The Interrelation of HRP and its Intermediate 
Compounds. R.S. = Reducing Substrates; O.S. = Oxidizing 


Substrate; ALKOOH = alkyl hydroperoxide. 
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34 
Although HRP-I and HRP-II may function as rate-determining 


enzyme-substrate complexes, neither is a Michaelis-Menten 
complex in the original sense. Both contribute to the over- 
all mechanism in a bimolecular step. 
Nature of the Oxtdiztng Substrate and the Properties of HRP 
Compounds: 

Long before any intermediate compounds were known 
(Keilin and Hartree, 1937; Theorell, 1941), early inves- 
tigations indicated that alkyl hydroperoxides could function 
as Oxidizing substrates in HRP-catalyzed reactions (Boeseken, 
1930). Inactivity with dialkyl peroxides demonstrated that 
the OOH structure was an essential characteristic of the 
Oxidyzing agent (Elliot, .1932).° In addition to dialkyl 
peroxides, no reaction was observed for secondary and 
tertiary alkyl hydroperoxides. This observation was confirmed 
for tert-butyl hydroperoxide, cumene hydroperoxide and p- 
methane hydroperoxide (Cotton, unpublished results). The 
acyl hydroperoxides were also acceptable oxidizing sub- 
strates (Boeseken, 1930) as well as many inorganic non- 
peroxidic oxidants: “HOCI, HOBr, Naclo,, c10,, KBrO,, KIO,, 


Onrand" *K + Ag’ (George, 1953). Recently, Markland 


3 PPL: 
(1971) has shown that hydroxymethylhydroperoxide is also 
an oxidizing substrate for HRP although it was believed 
for many years not to be. 


Chance (1949c) obtained the Soret spectra of 


HRP-I and HRP-II formed from H,0, and its monosubstituted 
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alkyl analogs. Accurate spectra for these intermediate 
compounds have been determined recently (Fig. 1.3) (Critchlow 
and Dunford, 1972b, Roman, 1972). Because Chance observed 
these spectra to be independent of oxidizing agents which 
he used, he concluded that each compound must involve the 
same type of iron-peroxide bond. He suggested an enzyme- 
substrate complex HRP- OOR as a possible structure for HRP-I 
(Chance, 1949c). George examined the spectra of HRP-I and 
HRP-II prepared from various inorganic oxidizing agents and 
obtained similar spectral results to those of Chance in each 
case (George, 1953a). Therefore, he proposed that HRP com- 
pounds formed from these different oxidizing substrates 
must have a common structure. Rather than an enzyme- 
substrate complex, he suggested that a more acceptable struc- 
ture’ for HRP-1I might be a higher oxidation state of the 
prosthetic group. However, later experimental evidence 
(Fergusson, 1956) indicated that formation of HRP-I from 
at least some inorganic oxidants may be preceded by hydrogen 
peroxide formation which then formed the HRP "complex". 
Another interpretation, based primarily upon 
spectral studies in the visible and Soret regions (Brill 
and Williams, 1961) proposed that HRP-I prepared from ethyl 
hydroperoxide was an equilibrium mixture of two compounds, 
one containing the alkyl fragment at the active site. Mag- 
netic susceptibility measurements indicated that HRP-I may 


be comprised of iron in its pentavalent state (three unpaired 
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Fig. 1.3: Soret Spectra of HRP and its Intermediate 


Compounds HRP-I and HRP-II. 
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electrons) and HRP-II may contain iron in its quadrivalent 
low spin state (two unpaired electrons) (Theorell and 


Ehrenberg, 1952). However, because of the transient nature 


of these intermediate compounds accurate measurements are 


difficult to obtain. Probably these experiments need 

to be repeated using the steady-state approach to insure a 
preponderance of one intermediate species at a known con- 
centration. Nevertheless, using the magnetic susceptibility 
and the visible spectrum for HRP-II, Brill (1966) has con- 
cluded that this intermediate must have the ferryl structure. 
This structure was first proposed by George (1953b) and 
consists of a gquadrivalent iron with a single oxygen atom 
coordinated at the sixth position. 

The information obtained from low temperature 
optical;spectra (15 -.77°K) and ESR spectra (1.4°K) led 
Peisach et al. (1968) to propose a structure for the active 
site of HRP-I and HRP-II. A ferric complex for HRP-I was 
postulated with two oxidizing equivalents temporarily stored 
at a methine bridge carbon or pyrrole qg-carbon of the por- 
phyrin ring represented by X in the structural representation: 


5 AAG AE GSE 
[HRP (heme d372)) pel Xel 


The. expression in parenthesis indicates the spin mul- 
tiplicity of the heme. The axial ligands provide a very 


weak component to the ligand field. ‘Therefore, HRP~I° for-— 
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mation was envisioned as simply the two electron removal 
from HRP by the oxidant with no permanent complex formation. 
For HRP-II a ferrous low spin electronic configuration of 
the heme was suggested with an oxygen-containing ligand 


where the two oxidizing equivalents of the species resided: 


[HRP (heme a?) oon] *Y 


Support for such a proposal was obtained by Noble and Gibson 
(1969) who demonstrated that the ferroperoxidase underwent 
a Single electron transfer upon oxidation with hydrogen 
peroxide to form HRP-II. These structures predict similar 
active sites for HRP-I formed from hydrogen peroxide and 
alkyl hydroperoxides but possible structural differences 
for HRP-II prepared from different oxidizing substrates. 
From evidence presented in Chapter 4 concerning the effect 
of cyanide on the steady-state HRP-ferrocyanide oxidation, 
this structural model for HRP-I is an improbable one. 
Recently, m-cation radicals of metalloporphyrins 
have been shown to be stable and have visible spectra similar 
to that of HRP-I but not HRP-II (Dolphin et a/., 1971). 
Tis *has ted to=the currently popular view that HRP=I*for— 
mation involves the transfer of one electron from the iron 
atom and one from the porphyrin t-orbitals. The reduction 
of HRP-I to HRP-II must then involve electron transfer to 


the porphyrin leaving a quadrivalent iron complex. This is 
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in agreement with the conclusion from Mossbauer spectros- 
copy that the electronic configuration of the iron in these 
two intermediates is the same (Moss, 1969). Further support 
for these proposals has been obtained by preparing stable 
one-electron oxidation products of ferric porphyrins. These 
systems are best characterized as being electron deficient 
at the metal atom rather than in the porphyrin 7 system 
weltton tet cl.7 1971). 

Hager et al. (1972) suggest a definite chemical 
composition for compound I of chloroperoxidase. Their ae 
labelling studies demonstrated that at least one oxygen 
from the acyl hydroperoxide, m-chloroperbenzoic acid, was 
incorporated into compound I upon its formation and that 
no solvent exchange occurred. Both Hager et al. (1972) 
for chloroperoxidase and Schonbaum and Lo (1972) for HRP have 
shown that m-chlorobenzoate and p-nitrobenzoate, respectively, 
are the products on compound formation. This provides con- 
vincing evidence for an HRP-I formation step involving O-O 
bond cleavage (rather than C-O bond cleavage) incorporating 
one oxygen.atom into compound I. The kinetic study discus- 
sed in Chapter 2 (Cotton and Dunford, 1973) provides quan- 
titative evidence for the similarity of the active site of 
HRP-I and HRP-II formed from different oxidizing substrates 
over the accessible range of pH. Recent investigations demon- 
strating the apparent inaccessibility of cyanide ion to the 


active site of these intermediate compounds indicate a tightly 
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bound ligand at the iron's sixth coordination position 
(Cotton et al., 1973). These results present a reasonable 
model for the active site of HRP-I and HRP-II discussed in 
a later chapter. 

Much less information has been obtained concerning 
the intermediate compounds HRP-III and HRP-IV. The inter- 
mediate HRP-III is formed not only from HRP-II in the 
presence of excess hydrogen peroxide but also upon addition 
of dihydroxyfumarate in aerobic solutions, necessarily im- 
plicating HRP-III in the oxidase reaction (Mason, 1957). 
This intermediate compound reacts readily with reducing 
agents to give the native enzymatic form. An oxyperoxidase 
structure like oxymyoglobin Or oxyhemoglobin was originally 


suggested by George (1956) (eee 


0.) and was confirmed later 
by observing the direct formation of HRP-III from ferro- 
peroxidase and oxygen (Yamazaki, 1965; Wittenberg et al., 
1967). Apparently, HRP-III does not play an important role 
in the peroxidatic reaction. 

Using a mixture of dimethylformamide and aqueous 
buffer (volume ratio 70:30), Denon oe al. (1970) success- 
fully prepared intermediate compounds of HRP at temperatures 
from —15°C to —65°C in liquid solution. This ‘aldowed the 
preparation of stable solutions of the HRP intermediates 
for spectral investigations (Douzou et al., 1971). The 


fast reactions were conveniently studied by classical spectro- 
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photometric methods using this technique of thermally con- 
trolled rates (Douzou, 197la). Isolation of HRP-III at -40°C 
to -65°C permitted the study of its reactions in an aerobic 
system (Douzou, 1971b). In the presence of indoleacetic 

acid (IAA) and dihydroxyfumarate (DHF) cyclic conversion 
between HRP-II and HRP-III was successfully induced and 
followed spectrophotometrically on a Cary 14 at -30°C. 


TAA 
HRP=—E11 4 HRP-IT Cee?) 


DHF 

A spectroscopically distinct HRP-IV is formed 
£rom HRP-iit -or HRP=(1L upon addition of large excesses of 
peroxide. Recent investigations in the near infrared 
(Bagger and Williams, 1971) have demonstrated that HRP-IV 
may be formed by way of another unstable but, nevertheless, 
spectrally distinct intermediate formed from HRP-II called 
P-940. However, HRP-IV formation results in the simul- 
taneous destruction of the enzyme and its biological sig- 
nificance seems doubtful. 
Nature of the Reducing Substrate and Products of Reactton: 

While HRP shows a specific preference for organic 
peroxides containing the -OOH group, its reducing substrate 
specificity is not as clearly defined. In fact, it is dif- 
ficult to point to any specific group on the reducing agent 
for which peroxidases are specific. This is rather surprising 


and difficult to rationalize considering that catalase, a 
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hemoprotein having many structural and mechanistic features 
in common with peroxidase, oxidizes only primary and secon- 
dary alcohols or their related structures (Chance, 1949b). 
For HRP, organic reducing substrates fall into essentially 
three categories: phenols, aromatic amines, and endiols; 
but there are a number of exceptions including many in- 
organic reducing substrates (Table 1.4). 

The rate of HRP-I reduction, generally, is at 
least an order of magnitude faster than that for HRP-II re- 
duction at neutral pH. Less information concerning the rate 
of HRP-I reduction is available because, quite frequently, 
this reaction is very fast, and it is impossible to monitor 
by classical or stopped-flow kinetic techniques (Critchlow 
and Dunford, 1972a). Because HRP-II reduction is often 
the slowest, and, therefore, the rate-limiting step in the 
peroxidatic cycle, steady-state kinetics can be used only 
to determine experimentally the rate constant for this 
reaction step. It should be emphasized that the rate 
constants tabulated in Table 1.4 may serve only as a very 
crude comparison of reducing substrate dependent reaction 
rates. These constants are pH dependent and valid con- 
clusions concerning the dependence of structure on reaction 
rate are difficult to attempt until this pH dependence is 


better understood. 


The products isolated from HRP-catalyzed reaction 
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Table 1.4: Reducing Substrates for the HRP-Catalyzed 


Peroxidatic Reaction and the Apparent Rate Constants for 


HRP-II Reduction at 25 - 30°C. 


Type of aay 
Reducing Reducing Substrate k (Meas ~)) | pH 
Substrate ‘app c. 
Phenols p-Hydroxydiphenyl® aos) 10/ uy 
Hydroquinone® 3 10° i 
Hydroquinone Monomethyl Ether~ 2 10° q 
Catechol* 2x 10° 7 
Resorcinol~ 3 10° 7 
Becraeele Lex aros 7 
Amines o-Phenylenediamine~ 25 On 7 
m-Phenylenediamine 1 10° q 
Aniline® i! 104 q| 
p-Aminobenzoic Acia® a 10" i 
p-Aminobenzoic Acia® 5 en 7 
Endiols Reductone® gene 10° 4.2 
Dihydroxymaleic Acid?  ~1 x 10° 7 
Ascorbic Acid® 2 104 Atel 
Miscellaneous Uric Acia® ad? 104 7 
Leucomalachite Green® = 10° 4.7 


(Table continued 


on next page) 
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Ferrocyanide® 


DPNH? 
Sulfite® 
Iodide’ 


Nitrite? 


@chance (1951) 
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mixtures indicate that free radicals often are intermediates. 
The initial steps for an organic reducing substrate AH, 
where a single electron transfer is involved in the peroxi- 


datic reaction are: 


ky 

HRP + H,0,——© HRP-I (1.6) 
Ko 

HRP-I + AH, ——~ HRP-II + AH- (sag) 
k3 

HRP-II + AH;——+HRP + AH. (1.8) 
Ka 

2AH -——> A. + AH, (1.9) 
k 
Cc 

2AH:-——« HA —- AH GIELO) 


Yamazaki et al. (1960) have identified free radical formation 
in the oxidation of ascorbic acid, hydroquinone and dihyd- 
roxyfumaric acid by ESR. They estimated the intermediate 
steady-state concentrations in their flow system to be 

5 - 20 times greater than the initial enzyme concentration. 
They could obtain no evidence for interaction of enzyme and 
the free radicals. The technique used was likely sensitive 
to the preferential oxidation of Pnenetee radical by either 
HRP-I or HRP-II but it is doubtful whether the change in 
free radical concentration for an equimolar free radical ~- 
enzyme interaction would be observable at the HRP concen- 
tration used Bite - 10’ M) under steady-state conditions. 


Considerable effort has been expended in the 
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isolation and characterization of reaction products. This 
work has been extensively reviewed (Saunders et al., 1964; 
Mason, 1957). From a mechanistic point of view such an 
approach provides information concerning the nature of the 
initial free radical generating reaction. A comparison of 
products derived from the action of Fenton's reagent and 
HRP demonstrates the specificity created by the presence 

of the protein moiety and porphyrin ring. In the case of 
mesidine oxidation, the peroxidase gives a single product, 
2,6-dimethylbenzoquinone-4-(2',4',6'-trimethyl) anil (Chapman 
and Saunders, 1941) whereas the ferrous salts give an ill- 
defined dark mass of multiple reaction products. 

An understanding of the products resulting from 
the oxidation of a given substrate can allow the selection 
of a suitable reducing substrate to simplify the steady- 
state reaction. In order to obtain kinetically meaningful 
data readily from the steady-state it is essential that a 
region exist in the absorption spectrum in which the reducing 
substrate absorbs or in which products, related to the 
initial reaction step either directly or by way of very 
fast reaction steps, absorb. If several observable products 
are formed consecutively at similar rates, the steady-state 
system is not easily interpreted. As a result, activity 
tests usually utilize reducing substrates that yield a 
predominant product. Examples of such substrates are 


pyrogallol and mesidine. Hydroquinone is known to form 
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the free radical semiquinone structure (Yamazaki, 1960) 
which then forms quinone. Guiacol forms a single substituted 
biphenyl product through a coupling reaction. Both of these 
last two substrates were used in a steady-state kinetic 
study with lactoperoxidase (Maguire et al., 1971). Vanillin 
(Baumgartner, 1966) and tyrosine (Morrison, 1972) give rise 
to a single biphenyl product allowing a reasonably facile 
investigation of the kinetics in the steady state. This 

was not the case for the nonsubstituted or p-disubstituted 
aromatic substrates. For p-cresol several reaction products 
have been isolated and attempts to study the steady-state 
system failed (Critchlow and Dunford, 1972a). Similarly, 

a variety of reaction products have been isolated from the 
oxidation of aniline, p-toluidine, p-anisidine, and p- 
chloroaniline. A successful steady-state investigation of 
ferrocyanide oxidation yielding the single product, ferri- 
cyanide, is discussed in both chapters 2 and 4. In Chapter 
3 mention is made of the unsuccessful attempt to study 
p-aminobenzoic acid by the steady-state technique. 
Modification of Peroxtdatic Activity: 

Enzymes frequently show inhibition or activation 
in the presence of metabolites which are substrates, pre- 
cursors or products in the metabolic pathway. Quite 
frequently, these processes are particularly important in 
maintaining the concentrations of species at acceptable 


physiological levels. This regulation or control of 
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metabolic activity may be mediated by changes in the 
enzyme's conformation or by changes in the electronic en- 
vironment of the active site. Usually, such phenomena may 
be explained by binding of the activator or inhibitor to a 
binding site that is not the active site. If this binding 
site is located near the active site then inhibition may 
arise from steric interference. Possibly, with the addition 
of suitably oriented reactive groups located on the bound 
species, the transition state may be attained with greater 
or lesser facility depending upon the interaction of this 
bound species (near the active site) and the reacting sub- 
strate. 

Somewhat related to this last case is the hypothesis 
of nonproductive binding. If a good specific substrate 
exists with one or more binding groups complementary to 
binding sites on the enzyme (thus, allowing the substrate 
to be located in a particularly advantageous position for 
reaction) then, conceivably, a poor substrate could exist 
in which one or more binding sites are missing, or the 
steric orientation of the enzyme-substrate reactive center 
is unfavourable to the attainment of the transition state. 
Therefore, complex formation, although apparently enzy- 
matically unproductive for one substrate, may be the major 
catalytic pathway for another related substrate. Little 
evidence exists for a productive HRP complex with a reducing 


substrate but, recent kinetic results would suggest that the 
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HRP-p-cresol complex is unproductive (Critchlow and Dunford, 
1972a). Such complex formation may be a good indication 
that a reducing substrate may exist which forms a very 
efficient productive complex with the enzyme. The rate 
given for compounds such as p-hydroxydiphenyl for HRP-II 
reduction (see Table 1.4) would indicate that the reaction 
for such substrates may be approaching the diffusion-con- 
trolled limit. In addition, such complex formation may be 
an initial indication that a control mechanism serves to 
regulate the enzyme's activity tn vivo. 

A decade ago, Fridovich (1963) found that ammonia, 
pyridine, imidazole and hydrazine, although not functioning 
as electron donors in the mererdae ie reaction, activated 
the HRP-catalyzed oxidation of dianisidine above pH 7. 
Because competitive activation was observed for ammonia and 
pyridine, a single activating site was presumed to exist 
with which these nitrogenous ligands may interact rapidly 
and reversibly. Since these compounds are known for their 
ability to ligate to hemin iron (Nakamura et al., 1963), as 
are hydroxide and cyanide which Fridovich found to compete 
with them, it was suggested that the binding site may be 
one side of the iron porphyrin possibly involving the ligand 
at the iron's fifth co-ordination position. 

Andrejew et al. (1959) demonstrated that isoniazid 
(Isonicotinyl Hydrazine) and hydrazine competitively in- 


hibited HRP in the acid region of pH. Apparently, compounds 
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of the structure H,N-NH-R cause irreversible inhibition 
whereas those of the form H,N-O-R function as reversible in- 
hibitors for HRP (Hidaka et aZ., 1971). Hidaka and Udenfriend 
(1970) have also shown that iproniazid (Isopropyl isonicotinyl 
Hydrazine) reacts stoichiometrically and covalently ina 
1:1 ratio with theenzyme. The apoenzyme retained 80% of the 
radioactivity that was retained by the native enzyme upon 


treatment with 14 


C-iproniazid. They have attributed this 
phenomenon to a hydrazine reactive group such as a carbonyl 
or thiol located on the apoenzyme near the active site. 

Ricard et al. (1968) reported a difference spec- 
trum for the interaction of g-indolebutyric acid with HRP. 
Addition of the acid to the native enzyme caused a small 
spectral shift with a marked enhancement occurring in the 
400 - 440 nm region. These results were explained by a 
reversible binding of the acid to HRP. A difference spectrum 
for the g-indolebutyric acid-hemin system was also obtained. 
This spectral shift was remarkably similar to the acid-HRP 
interaction. The interaction of indoleacrylic acid with 
HRP also showed a difference spectrum with an enhanced ab- 
sorption in the 400 -440 spectral region (Gasper et al., 
1972). Since there was no evidence for complex formation 
with the apoenzyme, a heme-binding site was suggested. 
Therefore, considering results obtained for these acids and 
the hydrazines, there would appear to be at least two 


binding sites at the active center of the native enzyme, 
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one associated with the heme group and the other on the 
protein. A spectral shift similar to that for f-indole- 
butyric acid has been reported upon the addition of acetic 
anhydride to native HRP (Schonbaum et al., 1971). Although 
little evidence exists to suggest that acids alter the 
activity, these workers have reported a 50% inhibition with 
acetic anhydride which they attributed to acetylation of a 
histidine residue near the active site. Volkov et al. (1971) 
have reported recently that glutamic acid may alter the 
activity of the thyroid gland. Possibly, this observation 
is implicated with the activity of thyroid peroxidase. 

As has been mentioned earlier, Critchlow and 
Dunford (1972a) have interpreted the kinetics of the HRP- 
catalyzed oxidation of p-cresol in terms of an inactive 
complex formed in the alkaline region of pH. At pH values 
above 10, errenconpler appeared to react at a reduced rate 
with a second molecule of p-cresol giving rise to an ad- 
ditional second order reaction. Difference spectra obtained 
for the interaction of p-cresol with the native enzyme 
were attributed to binding (Critchlow and Dunford, 1972a). 
However, the difference spectra for the p-cresol-HRP and 
the 8-indolebutyric acid-HRP interactions in the 440 - 
400 nm region are significantly different. 

The kinetics of the oxidation of p-aminobenzoic 
acid has been investigated and interpreted in terms of sub- 


strate inhibition due to reversible binding to the enzyme. 
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These results will be discussed in detail in Chapter 3. 
Kinette Studies: 

Enzyme kinetics seeks to define the mechanism by 
which an enzyme catalyzes biological reactions. It attempts 
to describe biochemical functions in detail, and, indirectly, 
to establish the structural nature of an enzyme's active 
site. Since one of the fundamental characteristics of any 
enzyme is its unique ability to promote efficiently a specific 
reaction, kinetics is a powerful tool for investigating its 
function and structure. 

Two basic kinetic approaches exist in this field. 
Originally enzymatic reactions were studied in the steady 
state. Using small concentrations of the enzyme, quite 
frequently only obtainable in minute quantities through 
tedious purification procedures, experimentalists were able 
to slow the over-all reaction and study its kinetics by 
classical techniques (see Appendix 2). By systematic 
variations of the reactant and product concentrations, one 
is able to deduce a considerable amount about the mechanism 
(Cleland, 1963). However, if the mechanism is complicated 
by several enzyme intermediates, which is frequently the 
case, unambiguous interpretation of the steady-state kinetics 
can be very difficult. Many of the kinetic parameters can- 
not be evaluated quantitatively either because they are 
associated with reaction steps much faster than the rate- 


controlling step or because they are not separable as in- 


tee vepgayy xt a t 

yo need in oer nore ey on sto, Sen Ys 

acegined-ta Tt -enchiner 7 isatgote ml i ler 
vidoes torr, bis Died at eaotsone® a 
av iIQs ‘8 Rid fol Leal fe ba exuten lange 

NAB 2o) postseason ee ie Ds capt b ae 

siibhege 6 clattezob eae evomone of eltide ; 

ati aoicepisenwes 1% fogs rs et ; 


Pas 


a ae ae 
bleed 2 te) Map ce tee serononage ‘ote, > hi 


er ce i / 
vw i 
7 


vheove add ie bonbiee. aaey an Hoos 


| aint e914 neue asuaba a ots 3 
sfds. exw ode bLaamome nears pronation rr) 
vd eoizoansl! atk yous bine aoniee at tt Hanxovo 

ba i 


>idemadeye a 8 ‘eibnegak esa) suyeiceietat ea 
ane \ oak seasnenana fas ae visrons as te oe 


bodeol pert Ay rents oat et "leah eae 


| me Sahn aie a sola soar aber omesas tex ; a | 
Bh ge ag 
Mh 


> hee vera pono ales 5 wegetns ek 
Be id” ‘nai ade ned xetaia’ oun pagal ik doe ieee 
ah BH WT x 2's ) ag reait,, ?) ante ey : - 
: ‘oaths ae stderecips. gon com \ sat 7m ia) 
oe | Niger tem oe See 
‘ h hai ’ o i cae 
iy 4 5 - 


ye) 


dividual constants. The second approach involves observing 
a single turnover of the enzyme or, preferably, a single 
reaction step. This necessarily requires, in most cases, a 
fast reaction kinetic method. The stopped-flow technique 
is particularly amenable to the HRP-catalyzed reactions. The 
kinetics can be conveniently simplified by studying each 
reaction step separately. This is possible only because the 
HRP intermediates, although unstable, nevertheless, can be 
prepared immediately prior to an experiment with a half-life 
of about fifteen minutes. The rates of HRP-I and HRP-II 
reduction with an excess of reducing substrate are within the 
time regime of the stopped-flow method (half-life ~ 0.005 - 
0.1 seconds). Under these pseudo-first-order conditions 
the need to know the slowly decaying initial concentration 
of the HRP intermediate is avoided. The large change in the 
Soret molar absorptivities upon reduction of the enzyme inter- 
mediates allows one to observe the rate of disappearance of 
these species spectrophotometrically. Therefore, in the 
kinetic investigations that follow, the HRP-catalyzed oxid- 
ations were studied primarily by the stopped-flow technique. 
Whenever possible, the stopped-flow data were complemented 
by the steady-state method. The latter approach proved a 
particular asset in the cyanide binding study to the HRP 
intermediates. 

Early reports indicated that the reduction of 


HRP-I and HRP-II with reducing substrates were both pH 
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dependent (Getchell and Walton, 1931; Balls and Hale, 1934; 
Wilder, 1962) and pH independent (Chance, 1952b). Kinetic 
investigations of the binding of fluoride (Dunford and 
Alberty, 1967) and cyanide (Ellis and Dunford, 1968b) in- 
dicated the presence of ionizable groups at the active site 
Of HRP. A study of the ferrocyanide oxidation over the 
range of pH 3 - 11 showed that the rate of HRP-I reduction 
varied over two orders of magnitude and HRP-II reduction 
five orders of magnitude (Hasinoff and Dunford, 1970). The 
log rate-pH profiles were interpreted in terms of a single 
ionization at 5.3 for HRP-I and three ionizations at 3.4, 
5-2 and 8.6 for HRP-II. The kinetics of several inorganic 
reducing substrates have been investigated (Roman et al., 
1971; Roman and Dunford, 1972a; 1973). For HRP-I reduction 
a single ionization (pK, = 4,6) was postulated to account 
quantitatively for the observed pH-rate profile with iodide 
whereas with sulphite two ionizations at 5.1 and 3.3 were 
indicated. For HRP-II reduction by iodide no ionizations 
were observed over the accessible range of pH (2.7 - 9.1). 
With sulphite the pH dependence in the region 2.4 - 6.9 
was interpreted in terms of a single ionization at 3.9. In 
the reduction of both intermediates the log rate-pH profile 
was interpreted in terms of a sulphite ionization at 6.9. 
Critchlow and Dunford (1972a),studying the 
oxidation of p-cresol by HRP-II, found a well-defined enzyme 


pK, at 8.6. Two further enzyme ionizations at 2.2 and 5.7 
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were indicated. The substrate pK, = 10.4 was also observed. 
As discussed previously, the existence of an HRP-II-p-cresol 
complex was demonstrated. Since the dissociation constant 
for the complex and the second-order rate constant for HRP-II 
reduction do not depend on any common ionizing group of the 
enzyme, it was argued that the complex was unproductive. 
p-Cresol was shown to react only in its unionized form over 
the experimental range of pH. This fact was demonstrated by 
showing that the calculated concentration of the anion was 
so small that for the observed rate, the second-order rate 
constant would have to be larger than the diffusion-controlled 
limit. This would suggest that electrostatic arguments could 
not explain the degree of complexity of the log rate-pH 
profile for this phenol oxidation. An attempt was made to 
correlate the log rate-pH profiles, observed isotope effects 
and over-all rate constants of the ferrocyanide, iodide and 
p-cresol oxidations with HRP-II in terms of a mechanism in- 
volving intramolecular general acid catalysis (Critchlow 
and Dunford, 1972b) which gives way to a specific acid 
catalysis in sufficiently acidic solutions. The slower the 
over-all rate of reaction the higher the pH at which specific 
acid catalysis begins to compete successfully. 

This thesis, then, is part of a continuing program 
to elucidate the mechanism and structure of HRP. The 
ferrocyanide oxidation has been used as a convenient system 


to probe the nature of the enzyme's active site. Aromatic 
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amines are one major class of reducing substrates. Asa 
result, p-aminobenzoic acid was chosen as a convenient 
representative species to explore the kinetic response and 
to obtain more information with which to augment and expand 


| 
upon existing mechanistic ideas. 
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CHAPTER 2 

THE FERROCYANIDE PEROXIDATION CATALYZED BY HORSERADISH 
PEROXIDASE AND THE NATURE OF THE ENZYME'S ACTIVE SITE 
eee Introduction 

It has been proposed by many that a peroxide frag- 
ment must be retained at the active site (Chance, 1949; 
Brill and Williams, 1961; Hollenberg and Hager, 1972; 
Peisach @t al., 1968) when HRP intermediate compounds are 
formed. Spectral investigations in the Soret spectral 
region of HRP-I and HRP-II suggested that the HRP compounds 
formed with different oxidizing agents contain the same 
type of iron-peroxide bond (Chance, 1949), or simply contain 
a prosthetic group in a higher oxidation state (George, 
1959). However, it has been shown that the chlorinating 
compound formed from HRP and Naclo. is spectrally identical 
to HRP-I (Hollenberg and Hager, 1972). Since HRP-I is not 
achlorinating agent, spectral evidence alone is not a suf- 
ficient criterion for a proposed structure of the active 
site. 

Although many techniques have been applied to the 
study of the HRP intermediate compounds (Moss et al., 1969; 
Peisach et al., 1968; Brill and Sandberg, 1968; Ellis and 
Dunford, 1968; Willick et al., 1969), the kinetic method, 
in principle, provides one of the better sources of in- 
formation concerning the nature of the active site. The 


rather complex dependence of reaction rates upon pH ob- 
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served for different reducing substrates in HRP-catalyzed 
reactions are indicative of proton-transfer processes 

which affect the rate-determining step. These proton tran- 
sfers involve ionizable groups present on the enzyme or 
reducing substrate. Formation of HRP compounds with hydro- 
peroxides may result in structural changes if the organic 
fragment is retained at, or near, the active site of the 
enzyme. This fragment could conceivably interfere with, 

or block, one or more proton transfers that have been shown 
to occur during the reduction of HRP-I and HRP-II prepared 
from hydrogen peroxide. A distinctly different pH depen- 
dence would then emerge. Therefore, in order to inves- 
tigate these possibilities which may have remained undetec- 
ted by experimental approaches less sensitive to such 
alterations, two organic hydroperoxides, ethyl hydroperoxide 
and m-chloroperbenzoic acid, were chosen to study the 
peroxidase-catalyzed ferrocyanide oxidation. The ferro- 
cyanide oxidation was chosen because a previous investigation 
utilizing hydrogen peroxide to prepare HRP-I and HRP-II 

had demonstrated three protonations over the accessible 
range of pH for HRP-II reduction and at least one for HRP-I 
reduction, (Hasinoff and Dunford, 1970). A shift in the 
observed pkK,'s or their disappearance would show that the 
structure of the active site was dependent upon the struc- 


ture of the oxidizing substrate. 
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2.2 Experimental 
Materials: 

Horseradish peroxidase was obtained from Boehringer- 
Mannheim as a highly purified ammonium sulphate suspension. 
Prior to use, the suspension was dialyzed and filtered 
through a Millipore filter of 8 micron pore size. Using 
the spectrophotometric purity criterion, the final enzyme 
preparation had a P.N. of not less than 3.0. The purity 
number (P.N.) is the ratio of the absorbance at the Soret 
maximum of 403 nm to the absorbance at 280 nm. The enzyme 
was characterized and its concentration determined spectro- 
photometrically as is described in considerable detail in 
Apprndix 5. 

Water, distilled from alkaline potassium perman- 
ganate followed by double redistillation from glass, was 
used in the preparation of all solutions. A constant 
ionic strength (uy) of 0.11 was maintained in all reaction 
mixtures with 0.01 contributed by the buffer and the re- 
mainder by Fisher reagent grade potassium nitrate and 
potassium ferrocyanide. Ferrocyanide stock solutions were 
prepared immediately prior to use under diffuse lighting 
and stored in the dark. 

The ethyl hydroperoxide was obtained form Poly- 
sciences Inc. as a 10% aqueous solution. A polarographic 
analysis of the reagent in dilute alkaline lithium sulphate 


solution detected no hydrogen peroxide (Bruschweiler and 
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Minkoff, 1955). The presence of other possible oxidizing 
agents known to form compounds with HRP was not observed 
by NMR. A Sux 153" M aqueous solution of the alkyl hydro- 
peroxide was stored at 5°C and its concentration was 
analyzed periodically by spectrophotometry utilizing the 
HRP-catalyzed oxidation of iodide to triiodide. This 
analytical technique was developed from a method for the 
analysis of hydrogen peroxide using molybdate as a catalyst 
(Ovenston and Rees, 1950; Ramette and Sandford, 1965). 
Molybdate is a poor catalyst for alkyl hydroperoxides and 
the rate of formation of triiodide is too slow to be anal- 
ytically useful. In the newly developed method, a solution 
consisting of 0.05 M sodium iodide and 107° M HRP was pre- 
pared in an acetate buffer of pH 3.8 and ionic strength 
0.01. A 2 ml aliquot was pipetted into a cuvette and the 
absorbance change observed upon the addition of 50 ul of 
the hydroperoxide solution. The amount of triiodide formed 
was determined quantitatively by measuring its absorbance 
at 353 nm on the Cary-14 spectrophotometer using a molar 
absorp ty ity,.0 fe 2). 55) x 104m tcm7+ (Ramette and Sandford, 
1965). The solutions of hydrogen peroxide used to prepare 
the HRP compounds were also stored and analyzed in a similar 
manner. 

An independent analysis of hydrogen peroxide 


present in the ethyl hydroperoxide solutions made use of 


the difference in the relative rates with which hydro- 
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peroxides and hydrogen peroxide react with iodide (Johnson 
and Siddiqi, 1970). In the presence of 0.005% by weight 
ammonium molybdate the hydrogen peroxide oxidation was very 
rapid and occurred within the time required to mix the 
solutions in the cuvette. Comparing this dead-time reaction 
with the total change in absorption when HRP was added, 
showed that less than 2% hydrogen peroxide was present in 
the ethyl hydroperoxide. 

Technical grade m-chloroperbenzoic acid was ob- 
tained from the Aldrich Chemical Company. A 10% solution 
of this acyl hydroperoxide was made up in acetone and stored 
at =L0°C.” “Stock solutions of about 4 x Low M were prepared 
prior to each day's experimental work by adding 0.1 ml 
acetone solution to 100 ml distilled water. The concen- 
tration of the acyl hydroperoxide was determined by the 
spectrophotometric method described above for ethyl hydro- 
peroxide. However, because m-chloroperbenzoic acid rapidly 
and spontaneously oxidizes iodide, no HRP was required to 
catalyze the reaction. Hydrogen peroxide oxidation of 
iodide is very slow in the absence of a suitable catalyst. 
Therefore, spontaneous oxidation was used in the deter- 
mination of the acyl hydroperoxide concentration and ad- 
dition of HRP facilitated the determination of the total 
concentration of oxidizable material (hydroperoxide + 
hydrogen peroxide concentration). It was estimated by 


this means that slow hydrolysis (Swern, 1971) or contamin- 
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ation of the acyl hydroperoxide resulted in <5% of the total 
peroxide as hydrogen peroxide in the stock solutions 8 - 

10 hours after preparation. 

Kinetie Experiments: 

Investigations were carried out using a stopped- 
flow apparatus thermostatted at 25°C. Details of the in- 
strument are described elsewhere (Ellis, 1968, Hasinoff, 
1970). The experimental traces were monitored on a 564B 
Tektronix storage oscilloscope, and the stopped-flow data 
were recorded as an amplified photomultiplier voltage print- 
out digitized at 30 equally spaced intervals of time. In 
a typical experiment, HRP-I was prepared by adding 0.8 
molar equivalents of the hydroperoxide to a 2 x Ole M 
unbuffered aqueous solution of the native enzyme. The 
HRP-II was prepared by adding 0.4 molar equivalents of p- 
cresol to HRP-I based on the original native HRP concen- 
tration. The absence of HRP-I was checked periodically by 
observing the absorbance at 411 nm, the wavelength at which 
HRP and HRP-II are isosbestic. The absence of a change 
in the absorbance at 411 nm as HRP-II decays to HRP demon- 
strates the absence of HRP-I. In a kinetic study of HRP-II 
reduction, the presence of HRP-I in the enzyme preparation 
is) noteaacritical factor provided! thati:theyrate! of HRP-I 
reduction is sufficiently fast to permit essentially com- 
plete time separation of the two reactions. This, in fact, 


was the case for the ferrocyanide oxidation. The potassium 
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ferrocyanide solution was prepared separately and, with the 
exception of the HRP-II studies at low pH to be discussed 

in more detail shortly, contained the buffer, potassium 
nitrate and about 10°°M HRP. The latter component removed 
small amounts of oxidizing impurities and prevented anomalous 
formation of HRP intermediates in the initial time interval 
which would have interfered with the observed exponential 
decay of their concentrations. The other syringe contained 
the HRP compound. Its final concentration in the instrument's 
observation chamber was about 5 x nae f M with not less than 
a 10 molar excess of the ferrocyanide. The reactions were 
followed by observing the increase in absorbance at 411 nm 
for HRP-I reduction and the decrease in absorbance at 425 nm 
for HRP-II reduction. Not only did the change in absorbance 
at 411 nm have a reasonably large change in the molar ab- 
sorptivity upon conversion of HRP-I to HRP-II, but also 

the interference from HRP-II reduction was minimized since 
this latter reaction was not observable at sufficiently 
narrow slit widths (~0.3 mm). At 425 nm the change in 

molar absorptivity upon reduction of HRP-II was a maximum 
and close to the wavelength at which HRP-I and HRP are 
isosbestic. The observed first order rate constants were 
calculated in the manner described in Appendix 1. An 
average rate constant and standard deviation were determined 
from 8 - 12 experimental exponential traces. 


The kinetics of the HRP-IiI-ferrocyanide reaction 
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also was investigated at pH values between 9 and 10 using 
the Cary 14 spectrophotometer with the cell compartments 
thermostatted at 25°C. In these experiments 2 ml of 


ese aa 


M HRP, containing the buffer and potassium 
nitrate, were pipetted from a constant temperature bath 
into a cuvette. HRP-II was prepared by the appropriate 
addition of hydroperoxide and p-cresol. Then, at least a 
20 molar excess of ferrocyanide was quickly added. First 
order rate constants were calculated from the resulting 
spectrophotometer traces in a manner analogous to that used 
for the stopped-flow data. 

The Cary-14 spectrophotometer also was used to 
study the steady-state kinetics over the range of pH 5 - 
3.2. The reaction was followed by measuring the absorbance 
of ferrocyanide at 420 nm. The molar absorptivity at this 
wavelength was found to be 1030 mt om + in good agreement 
with previously published results (Hasinoff and Dunford, 
1970; Birk, 1969). Ferrocyanide and sufficient water to 
make a total volume of 2.2 ml were added with Hamilton 
microliter syringes to a cuvette containing 2 ml of buffer, 
potassium nitrate and HRP. The reaction was initiated by 
rapidly mixing the peroxide with the cuvette's ae cies 
using a Teflon plumper on which microliter quantities of 
the oxidizing substrate were deposited. The initial 


velocity of the reaction was computed at the extrapolated 


zero time by measuring the slope of the absorbance-time 
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trace. Initial HRP concentrations were in the range (1 - 2) 
x aes M and initial peroxide concentrations (5 - 20) x Hon 7 
M. A detailed discussion of the steady-state method is 
given in Appendix 2. 
2.3 Results 

The formation of HRP-I results from the addition 
of oxidizing agent to the native enzyme. HRP-II is pre- 
pared by addition of suitable quantities of p-cresol as 
discussed previously. The established equations for the 
ferrocyanide oxidation with the two intermediates are 


(George, 1952; Chance, 1952): 


Kapp 


HRP-I + Fe (CN) ¢* HRP-II + Fe(CN)>° (2 a1) 


k 


We oe (2-3) 


HRP-II + Fe (CN) ¢ HRP + Fe(CN) > 


With excess ferrocyanide, the reaction becomes pseudo- 
first order and the differential rate expressions in each 


case are: 
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Eqs. 2.3 and 2.4 were confirmed for both the alkyl and acyl 
hydroperoxides as oxidizing substrates by obtaining linear 
plots of log Av vs. time for reaction traces of many dif- 
ferent pH values (Av = voltage change which may be related 
to absorbance change AA). The linear correlations of Ko obs 
and K 3655 with ferrocyanide concentrations were verified by 
studying the reaction rates at different ferrocyanide con- 
centrations, using HRP-I or HRP-II prepared with ethyl 
hydroperoxide or m-chloroperbenzoic acid. The data from 
several experiments are shown in Fig. 2.1 for HRP-I and 
Fig. 2.2 for HRP-II. Similar studies were performed at a 
number of other pH values on the stopped-flow apparatus 

for HRP-I, and on both the stopped-flow apparatus and 
spectrophotometer for HRP-II. Each stopped-flow study of 


k as a function of [Fe (CN) ¢ 4] represented 5 - 9 different 


obs 
concentrations of ferrocyanide over an order of magnitude 
range and the analysis of 50 - 90 Av vs. time traces. 
Kinettes of the HRP-II-ferrocyantde reaction: 


Values for k were determined by the stopped- 


3app 
flow technique over the pH range 4 - 10.6. At high pH, 
K3app values were determined on the Cary 14 spectrophoto- 


meter also. The data are presented in Table 2.1 and Fig. 
2.3. The result of the steady-state studies of the HRP- 
catalyzed ferrocyanide reaction in the acid pH region, with 
ethyl hydroperoxide and hydrogen peroxide as oxidizing sub- 


strates, are presented in Table 2.2. The steady-state 
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2 4 6 8 10 12 
[Fe(CN);4] x 105(M) 


Fig. 2.1: Two studies of the dependence of the HRP-I- 
ferrocyanide reaction on ferrocyanide concentration. At 


the two pH values indicated, k is plotted against 


2obs 


Siw The linear correlations were determined from 


[Fe (CN) ¢ 
a weighted linear least squares analysis. Within the ex- 
perimental errors, the intercepts were zero. The rate 


constants determined from the slopes are: pH = 8.99, 


eeeiae 2] 
= + 4 => 
Ko app (6%1J2 O83) ax” LODEM S2#; pH T#507 kk 


(ome +8073) x 10° M Sixes 


2app 2 


Key: 0, HRP-I prepared from ethyl hydroperoxide; ®, HRP-I 


prepared from m-chloroperbenzoic acid. 
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kobs (scl 


6 pH*728 


st “0 60 80 100 
[ Fe(CNy{4] = 104(m) 
Fig. 2.2: Three studies of the dependence of the HRP-II- 
ferrocyanide reaction on ferrocyanide concentration. Plots 
of k VS. [Fe (CN) 74] are shown with correlations deter- 
30bs 6 

mined from a weighted linear least-squares analysis at the 
pH values indicated. In each case the intercept is zero 


within experimental error. At the different pH values the 


rate constants determined from the slopes are: pH = 6.45, 
4-1-1 


= (3 a = 6.92, k = 
K3app (inset 0) exe Ow Mies yes pH x= 6 ap 
4-1 -1 - 
yee OeL le xelOe Mire sup =.7.28;, Kapp = (P82 0.1) x 
10 Mee =. 


Key: O, HRP-II prepared from ethyl hydroperoxide; @, HRP-II 


prepared from m-chloroperbenzoic acid. 
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Table 2.1: The second order rate constants determined for 


the HRP-II-Ferrocyanide reaction at 25° and 


Uv=n OL 11s 
Penn Fie INT NIB ety oad ey ai pe gee 
pH? Keates ye Buffer© ease ini: 
Substrate 
4.01 (2.0+0.2)x10° CT M 
4.20 (1.140.1)x10° CT E 
yachts (8.340.6)x10> A E 
4.39 (7.841.4)x10> A H 
aco (4.9+0.2)x10> A M 
4.78 (3.0+0.3)x10> A H 
Mpa (seseaery 107 A E 
4.98 (2.140.4)x10° A M 
Bar (1.5+0.1)x10° A M 
5.16 (1.4+0.1)x10> A H 
5.40 (9.84+0.3)x107 A M 
ery, (5.9+0.4)x104 P E 
5.89 (5.0+0.5)x104 P E 
5.94 (4.340.1)x107 P H 
5.96° (4,440.1) x107 P E 
pip (3.740.2)x107 P E 
G26 (3.0+0.1)x107 P E 
bers (2.7+0.1)x104 CA E 
6.61 (2.24+0.1)x104 P M 


(Table continued on next page) 
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Table 2.1 continued 


pH® 


Raabe sis) 


(1.8+0.1)x10 


(1.8+0.4) x10 


(1. 740.1) x107 


(1.840.1)x104 


(1,440.1) 810" 


(1,540.2) x10 


(12930225 107 


(7224+0i9)x10° 


(3442005) x102 


(2.240.2)x10° 


(2,140.1) x10" 


(6.740. 3) x10 


(5.8+0.3)x10° 


(ine 20196104 


Buffer 


Skrrors on pH values estimated at 0.02. 


Perrors on rate constants represent twice the standard 


Oxidizing 
Substrate 
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deviation calculated from experiments performed at a 


given pH. 


(Table continued on next page) 
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Table 2.1 continued 


“Buffer abbreviations: A, acetic acid-sodium hydroxide; 

CA, cacodylic acid-sodium hydroxide; P, potassium dihydrogen 
phosphate-sodium hydroxide; T, tris-nitric acid; C, sodium 
bicarbonate-sodium hydroxide; CT, citric acid-sodium 


hydroxide; GN, glycine-sodium hydroxide. 


Goxidizing substrate abbreviations: E, ethyl hydroperoxide, 


M, m-chloroperbenzoic acid; H, hydrogen peroxide. 


“study of the dependence of k on [Fe (CN) ¢4] from which 


30bs 


k was calculated from the slope of a linear least- 
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squares analysis. 


t study of fk Vs. [Fe (CN) ¢ 7] performed on the Cary 14 
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spectrophotometer. 
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4 > 6 7 8 9 10 1 


hike | YAR Semilogarithmic pete of the apparent second 
order rate constants vs. pH for the HRP-I-ferrocyanide 

and HRP-II-ferrocyanide reactions. The correlations ap- 
pearing as solid curves were obtained from the non-linear 
least-squares analysis of the data. The error limits, to 
be found in Tables I and IV, were omitted for clarity. 
Different oxidizing substrates were used in the preparation 
of the HRP compounds. Key: 0), hydrogen peroxide; O, ethyl 
hydroperoxide; ®, m-chloroperbenzoic acid, - , + , study 
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Table 2.2: The second order rate constants for the HRP-II- 
Ferrocyanide reaction determined from steady- 


state kinetics at 25° and uw = 0.11 


pH K3app (4 Ss ox) Buf fer© kana 
Substrate 

3.27 (6.941.4)x10° eu H 

B63 (3.640.3)x10° CT E 

3.85 (2.0+0.2)x10° CT H 

423 (8.3+0.8)x10> CT H 

4.60 (4.9+0.3)x10> A E 

5.01 (1.9+0.2)x10> A H 
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The same as in Table 2.1 
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data obtained at four pH values are shown in Fig. 2.4. The 
steady-state determinations are in good agreement with 
those published previously (Hasinoff and Dunford, 1970; 
Critchlow and Dunford, 1972). The apparent second-order 


rate constants (k ,S) determined by this method are con- 


3app 
sistently about 20% lower than those obtained by studying 
the HRP-II-ferrocyanide reaction in isolation from the 

other reactions involved in the steady-state cycle, that is, 
by stopped-flow kinetics. Since the rate constants ob- 
tained from the steady state are dependent upon the total 
concentration of HRP whereas the stopped-flow results are 
not, this discrepancy may be due to uncertainty in the value 
of the molar absorptivity of HRP at 403 nm (Keilin and 
Hartree, 1951). Values for the molar absorptivity published 
more recently (Shannon et al., 1966; Paul and Stigbrand, 
1970) indicate that the value of Keilin and Hartree (1951) 
at 403 nm is too small. In addition to introducing error 

in measurement of the rate constant using the steady- 

state method, an imprecise value for the molar absorptivity 
of HRP may lead to the use of incorrect amounts of oxidizing 
and reducing substrate in preparing the HRP intermediates. 
From a kinetic point of view only an excess of oxidizing 
substrate poses a serious problem. This invariably leads to 
more than one turnover of the enzyme. The native enzyme 
resulting from HRP-II reduction will form HRP-I if oxidizing 


substrate is present, and another oxidation-reduction cycle 
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| 2 3 4 ~) 6 


(1/ [Fe(cnyy'],) * 10°4(m") 


Fig. 2.4: Plot of [HRP],/v vs. 1/[Fe(CN)~" at four pH 
values obtained by steady-state kinetics. The cor- 
relations shown were determined from a linear least- 
Squares analysis. For each set of data, pH, [H,05] 5 or 


[CH, OOH] 4, and [HRP], were constant at the following 


respective values: 3.85, 5.60 x 10m My a oe roe M; 


fees oesG se TUT tM el ak 10° My 4260, 1791 meno eM: 


Loe nt Ne SO? 91 x 10 °M, 2,2 x 108 Me Key: 


the same as for Figure 3. 
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will begin. This results in an observed rate constant 

that is too small. To prevent this complication, less 

than a molar equivalent of peroxide was added to allow for 
as much as a 20% error in determining the HRP concentration, 
and the absorbance at 411 nm was checked periodically to 
ensure no observed change due to HRP-I decay. If the molar 
absorptivity of 9.1 x 10° m+ om7+ is indeed too small, 

then the calculated concentration of HRP is too large and 
the 0.8 molar equivalent peroxide added may be very close to 
a one molar equivalent. It was observed that small amounts 
of oxidizing agent in the water used to dilute the native 
enzyme preparation often caused small absorbance changes 

at 411 nm in an HRP-II preparation. This would suggest 
that the amount of peroxide added may be very close to the 
one molar equivalent limit. The situation was easily rec- 
tified by reducing the amount of peroxide and p-cresol 
added. 

In the stopped-flow experiments a systematic 
deviation in reaction rates determined in successive ex- 
periments was observed in the acid region of pH. Apparently, 
this was due to interference from an acid-catalyzed reaction 
which occurred in the stopped-flow apparatus and competed 
for ferrocyanide. The slow decay in ferrocyanide concen- 
tration occurring in the apparatus somewhere between the 
driving syringes and the observation chamber resulted in a 


gradual decline in the observed reaction rates. An un- 
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Changed signal amplitude indicated a reasonably stable con- 
centration of HRP-II over this short time period. Following 
the initial 2 - 3 consecutive experiments, each successive 
trace had a progressively longer half-life and was not a 
duplicate of the trace immediately preceding it. An attempt 
to ensure fresh ferrocyanide solutions of the correct known 
concentration was made by thorough flushing of the ins- 
trument with the reactant solutions prior to each experiment. 
This resulted in reproducible data showing good first-order 
correlations in ferrocyanide. Interference from this com- 
peting reaction was also partially overcome by preparing 
HRP-II in the low pH buffer rather than making up the 
ferrocyanide solution in the acidic medium. Therefore, 

for the experiments below pH 6, the ferrocyanide solution 
was unbuffered prior to the final mixing of the reactants 

in the stopped-flow apparatus. Under these conditions, any 
enzyme denaturation in the acid solution was insignificant 
and did not affect the observed HRP-II ferrocyanide rates. 
Greater precision was attained at a given pH by doing many 
experiments at different ferrocyanide concentrations to 
ensure a good first-order response in ferrocyanide. Several 
such studies were performed at low pH. Below pH 4, this 
correlation was no longer linear and the investigations 

were terminated. Because these systematic errors were not 
detected in the previously reported work (Hasinoff and 


Dunford, 1970) the standard deviations for experiments 
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performed in the earlier investigation at low pH were much 
larger than originally estimated. 

A major kinetic problem was encountered in one 
-of the two stopped-flow apparatuses with which the ferro- 
cyanide oxidation was investigated. Although no difficulty 
was observed for iodide (Roman et al., 1971) or p-cresol 
oxidation (Critchlow and Dunford,1972a), the reaction of 
HRP-II with ferrocyanide was zero order in the latter 
reactant. This problem was ultimately overcome by using an 
older, less sophisticated apparatus. A tentative explanation 
might be that ferrocyanide interacts with some component 
in the system to produce a highly reactive reducing agent 
which then reduces HRP-II preferentially. The same problem 
was encountered in the HRP-I-ferrocyanide study and in 
the investigation of lactoperoxidase compound II reduction 
by ferrocyanide (Maguire, unpublished results). 


The resulting log k ve. pH profile did not 


3app 
justify the inclusion of an acid dissociation constant with 
a PK. of 5.2 as was reported previously (Hasinoff and 
Duntord, 1970). This was ‘the: case for HRP=-IT prepared 

from hydrogen peroxide as well as the two hydroperoxides. 
The steady-state data confirmed this conclusion and 
provided no evidence for the pK, reported at 3.4 (Fig. 12.5): 
There was no evidence for any acid dissociation occurring 


on the enzyme or substrate over the pH range 5.0 - 3.2. 


Below pH 3.2 the formation of HRP-I became rate-limiting 
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Fig 2nZy5ie sSemilogarithmic plot of Reape determined by 
steady-state kinetics vs. pH for the HRP-II-ferrocyanide 
reaction. Error limits were estimated as the 95% con- 
fidence limit from the linear least-squares analysis at 
each pH. The correlation was obtained from a weighted 
nonlinear least-squares analysis of the data using the xi 


and K. values appearing in Table 2.3 as fixed parameters. 


2 
Key: the same as for Figure 2.3. 
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so that K3 app could not be evaluated under steady-state 
conditions. The agreement among the rate constants using 
all three oxidizing substrates at high pH for HRP-II re- 
duction with ferrocyanide is excellent. 

The solid curves shown in Fig. 2.3 represent the 
best-fit correlations from a nonlinear least squares analysis. 
For the HRP-II-ferrocyanide reaction, a good fit was ob- 


tained using the phenomenological equation: 


+ + 
A, [H ](1 + [H ]/A,) 


k (21) 


SEPRIES text Cuppa, 
In order to assign kinetically meaningful parameters to the 
values determined for the variable parameters Ayr A, and 

A. two different approaches have been used. One method was 
to attempt a prediction of a reaction scheme including all 
possible reactions of the various protonated forms of the 
enzyme and substrate. In such a scheme it was assumed 

that proton transfer is much faster than reactions between 
the enzyme and the reducing substrate. (Alberty and 
Bloomfield, 1968). One may derive an expression for the 

pH dependence of the apparent rate constant in terms of 

the rate constants and equilibrium dissociation constants 
of the proposed reaction scheme. The denominator will 
contain a term for each enzyme or substrate acid dissoci- 
ation constant. Nonlinear analysis should permit the un- 


ambiguous determination of a quantitative value for each 
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equilibrium constant. In the case of K3app for the HRP-II 
reduction, A, may be readily identified with the single 
acid dissociation assigned to the enzyme. The numerator 
usually consists of more complex terms and the parameters 
Ay and A. are identified with clusters of constants, each 
of which cannot be determined unambiguously. An analysis 
of this type was performed for the alleged three acid dis- 
sociations observed for the HRP-II-ferrocyanide reaction 
and the single dissociation of the HRP-I-ferrocyanide 
reaction (Hasinoff and Dunford, 1970). These dissociation 
constants must necessarily refer to molecular rather than 
group ionizations. This is so because kinetics can observe 
only ionizations occurring on a molecular species but can- 
not distinguish the specific group at which ionization is 
occurring if two or more ionizable species are present. 
Therefore, in order for thevalue assigned to the specific 
parameters to be correct, the detailed mechanism initially 
assumed involving group ionization constants must first be 
correct. This problem has been discussed in detail by Roman 
C1972 )5 

The second alternative involves transition-state 
theory and the assignment of inflections in the log rate- 
pH profile to ground-state and transition-state acid dis- 
sociation constants. The expression for the apparent rate 
constant's dependence on pH has the same terms in the 


denominator as in the first approach, but the clustered 
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parameters making up the terms of the numerator are now 
replaced by Beans icine seate acid dissociation constants. 
The transition-state method has been derived elsewhere 
and its application to enzyme-catalyzed systems discussed 
in considerable detail (Critchlow and Dunford, (1972c). 
To demonstrate the application of transition- 


state theory to an analysis of the log k ve. PH pLOt 


Sapp 
of the data, consider a hypothetical pH profile obtained if 
one were able to study the oxidation of ferrocyanide by 
HRP-II at very low and very high pH. At a sufficiently 
low pH all groups of the substrate and enzyme will be 
predominantly in their protonated forms. As a result, con- 
tinuing to reduce the pH will produce infinitely small 
changes in the concentrations of these protonated forms 
and the reaction rate will appear independent of pH. Very 
small changes in the concentrations of the unprotonated 
forms at sufficiently high pH, necessarily, results in 
another pH independent region. If no further inflections 
in the curve occur in the pH regions which are not observ- 
able, except those required to satisfy these two limiting 
cases at the extremes of pH, the minimum pH profile will 
resemble Fig. 2.6. The broken line represents the assumed 
nature of the log rate-pH profile in the unobserved regions 
of pH. 

The dependence of the apparent rate constant on 


pH may be treated in a way somewhat analogous to the depen- 
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pH 
PYG. 2205 “OLvorroL Log Kapp vs. pH for the HRP-II-ferro- 


cyanide reaction shown schematically. The solid line 

represents the experimental curve and the broken line the 
unobservable hypothetical curve at the extremities of pH. 
The arrows shown above and below the curve represent the 
two possible pairing mechanisms assuming the curve may be 


described by a single mechanism over the entire range of pH. 
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dence on pH of the Michaelis-Menten association constant 
discussed by Dixon and Webb (1964). By a simple extension 
of the rules applying to the latter situation (Dixon, 1953), 
a unit change in slope of the curve (Fig. 2.6) may be 
related to either a transition-state acid dissociation 
constant if the change is negative or ground-state acid 
dissociation constant if the change is positive with dec- 
reasing pH. Beginning at highest pH in Fig. 2.6, a tran- 
sition-state acid dissociation constant is implied at 
pH > 11 as the slope changes from 0 in the pH independent 
region to -l. A ground-state acid dissociation constant 
is encountered at pH = 8.5 with a positive change in slope 
from -1 to 0. This is followed by another transition state 
acid dissociation and, finally, by the ground-state acid 
dissociation implied at pH < 2. 

The pH dependence of the apparent rate constant, 


then, takes the general form: 


= nae ally dere (2.8) 
KE [Ht] Kk [Ht] 
we tlt 7 wale ast = +1+— ea) 
(H | aN (HJ SES) 


In this expression k3 is a pH independent rate constant, K; 
the transition-state acid dissociation constant of the ith 


ionizable group and Ra KY refer to ground-state ionizations 
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occurring on the enzyme and substrate, respectively. For 
the proposed log rate-pH profile of Fig. 2.6 the transition- 
state approach leads to the following expression for K3, g 


+ (uty 


Ko KiK, 


BB app (2.9) 


where xy is the transition-state acid dissociation constant 
above a pH value of 11 and xt the transition-state dis- 
sociation constant at neutral pH. In this case k3 refers 
to a pH-independent second-order rate constant at high pH. 
The two ionizable groups of the ground-state having a 

major kinetic effect are represented by the acid dissociation 
constants K, and K,- The ionization ata PK. value of 8.5 
(pK,) has been assigned to a group on the enzyme since it 
cannot be associated with any of the protonated forms of 
ferrocyanide. The effect of this group has also been ob- 
PAD Si the HRP-II oxidation of both p-cresol (Critchlow 
and Dunford, 1972a) and p-aminobenzoic acid (see Chapter 3). 
The assignment of the ionization associated with K, toa 
group on the enzyme is not clear from the HRP-II-ferro- 
cyanide data alone. Several ionizations of ferrocyanide 

at PK, values < 2 (Jordan and Ewing, 1962) would suggest 


that K, may be a substrate dissociation constant. However, 


a 
it has been conclusively shown that an enzyme pK, < 2 has 
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a major influence on the HRP-II-iodide reaction (Roman 
et al., 1971). A similar kinetic response for p-amino- 
benzoic acid indicates that Ky is very likely substrate 
independent; hence, it has been assigned to an enzyme ion- 
ization. The simplest mechanism which adequately describes 


the data is 


* app 
HP + Fe (CN) > ae ee Products (23210) 


where Fe (CN) 7" refers to all protonated and unprotonated 
forms of ferrocyanide and HP, HP and P represent the 
various protonated forms of the enzyme distinguishable 
kinetically. 

The parameters estimated from the nonlinear least 
squares analysis (Aj, Ayr A. in Eq. 2.7) may be readily 
identified with the dissociation constants of Eq. 2.9. In 
the numerator the first term in parentheses makes a neg- 
ligible contribution over the pH range 2 - 11, and may be 
ignored. The third term in parentheses in the denominator 
also makes a negligible contribution over the pH range 
studied since the effect of K, is not observed. Asa 


1 
result Eq. 2.9 simplifies to: 
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Table 2.3: The parameters obtained from a nonlinear 
least squares analysis for the HRP-II- 


. ep 
Ferrocyanide reaction 
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“The errors reported were the standard deviations obtained 


from the nonlinear computer analysis. 
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which is of the same form as Eq. 2.7. Results from the 
nonlinear least squares analysis of the data are tabulated 
in®Table'2.3.2 The K, value reported here is in good agree- 
ment with the acid dissociation constant published earlier 
(Hasinoff and Dunford, 1970). The correlation of Fig. 2.5 
was obtained from the steady-state data using the parameters 
Of Table 253 . 

For a log rate-pH profile over the entire pH 
range including the unobservable rates at the pH extremities, 
such as is represented in Fig. 2.6, the number of ground- 
state and transition-state acid dissociationsmust be the 
same. In principle, all ionizable groups on both substrate 
and enzyme intermediate must be capable of protonation or 
deprotonation in the transition state at soriewbypuaaen ion 
concentration. Each ground state ionization may then be 
identified with a transition state ionization. In general, 
pairing of the pK _‘s and pKT's leads to n different pairing 
schemes or n! different mechanisms where n is the number 
of pK,'s or pkT's in the log rate-pH profile. In a par- 
ticular mechanism, if the pk? value of a particular group 


is higher than the pK. value to which it is paired then 
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protonation promotes the reaction. However, if the pk f 
value is lower than its corresponding PK, then deprotonation 
of this group promotes the reaction. The difference 

between the PK. of a group in the ground state and its pk f 
in the transition state is a measure of the extent to which 
proton transfer of this group affects the kinetics. The 
larger the | PK, - pK" the greater the sensitivity of the 
reaction rate to protonation. If there are one or more 
ionizable groups at or near the active site one may expect 
the reaction rates to be very sensitive to the extent of 
their protonation. However, for many ionizable groups of 
the protein well removed from the enzyme's active center, 
protonation may have no observable effect on the rates. 


eo 


Such insensitivity results when PK, = PK,- These con- 
Siderations should allow one to discriminate between several 
possible pairing schemes and inductively arrive at the most 
rational mechanism. 

The two possible mechanisms for the HRP-II- 
ferrocyanide reaction are shown as two pairing schemes, 
one above and the other below the curve of Fig. 2.6. First, 
let us consider the mechanism involving the pairing scheme 
in which Ky is paired with KE and K, with KT, Such a 
mechanism describes an ionizable species having a pK < 2, 
the protonation of which has a very large accelerating 
effect on the rate (| pK, - px? | is very large). Such a 


group probably would have to be a part of the porphyrin 
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ring or a group at the iron's fifth or sixth coordination 
position. Ionization influences the electronic configuration 
of the active site or aids in the bond-breaking step upon 
displacement of the bound species at the iron's sixth 
position of HRP-II. Protonation of the second ionizable 
group has a much smaller effect on the reaction rate. Since 
PK, > ext, protonation retards the reaction. Because of 
the apparent insensitivity of the reaction to the influence 
of the acid group corresponding to the latter pairing 
scheme it would be reasonable to assign such an ionization 
to a group on the protein located near the bound species at 
the sixth position. 

Such a mechanism was postulated in an attempt 
to rationalize the difference in the log rate-pH profiles 
obtained for the HRP-II-ferrocyanide and the HRP-II-iodide 
reactions (Roman, 1972). In the latter case a slope of -1l 
was obtained with no inflections corresponding to pxt or 
pK, Roman (1972) suggested that the mechanism for the two 
reactions may differ only in the small effect resulting 
from an ionizable group on the protein lying very near the 
active site which influences the ferrocyanide but not the 
iodide oxidation. Since deprotonation of this group appears 
to promote the reaction, this would imply a base-catalyzed 
mechanism. This is in sharp contrast to the overall acid 
catalysis as indicated by the dominant negative unit slope 


in the log rate-pH profile. In order that all inflections 
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in the log rate-pH profile may be meaningfully assigned 

to dissociation constants either in the ground or transition 
state, a single acid-catalyzed mechanism must apply over 

the entire range of pH. Therefore, the effect of a neigh- 
bouring group must be by way of participation in the overall 
acid-catalyzed mechanism if a single mechanism is to apply. 
From electrostatic considerations, protonation of a neigh- 
bouring group should promote the approach of the large 
negative charge on the ferrocyanide anion. Inspection of 
Fig. 2.6 shows that a mechanism involving the pairing of K, 
and xt necessarily implies that protonation of this group 
retards the rate by about two and one-half orders of mag- 
Mitude. This is very difficult to rationalizeisfrAgain, 

this would suggest that such a mechanism should be dis- 
counted. 

The second mechanism is a more acceptable alter- 
native. The pairing of K, - KT and K, - xi implies that 
the reaction is influenced by two protonations both of which 
promote the reaction. This is essentially the mechanism 
proposed by Critchlow and Dunford (1972) discussed in con- 
siderable detail elsewhere. They view the acid-catalyzed 
reduction of HRP-II as occurring through a rate-determining 
electron-transfer step involving the displacement of a 
group occupying the iron's sixth co-ordination position as 


is shown schematically in Fig. 2.7. The transfer of a 
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Fig. 2.7: The proposed mechanism for reaction of HRP-II 


with p-cresol shown schematically. 
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proton to this species, likely a hydroxyl group, may occur 
by two different processes. In an alkaline medium where 
hydrogen ion concentration is low, protonation occurs mainly 
through the participation of a neighbouring group. Proton- 
ation of the group at the sixth position, then, is a result 
of intramolecular proton transfer from the neighbouring 
distal group to the group about to be displaced. As the 
pH decreases in the alkaline medium, more and more of the 
distal group's acid form will be present to participate in 
the proton transfer process. The rate of HRP-II reduction 
shows an increase with decreasing pH until the distal 

group having a pK, of 8.6 is completely in its acid form. 
At pH values below the PK. of this group the log rate-pH 
profile exhibits a pH independent region. However, with 

a further decrease in pH, a second proton transfer process 
becomes significant. The group at the sixth position is 
capable of being protonated by hydrogen ions from the acid 
medium. Therefore, the rate of reaction is no longer pH 
independent and a unit negative slope develops in the acid 
PH region of the log rate-pH profile as the pH decreases 
further. 

Although several ionizable groups may be present 
which are potentially capable of influencing the electronic 
configuration of the porphyrin ring, it is very reasonable 
to postulate that a nucleophilic displacement of the bound 


species at the iron's sixth position is sensitive to pro- 
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tonation of the species being displaced. Protonation 
greatly enhances its ability to function as a leaving 

group in much the same fashion as protonation of a hydroxyl 
group in the acid-catalyzed esterification of primary 
alcohols. The mechanism as proposed by Critchlow and 
Dunford (1972), necessarily implies a strategically situ- 
ated ionizable group having a PK. of 8.6 in the environ- 
ment of the active site. There is little evidence, to date, 
for the existence of this distal species in the vicinity 

of the active site. 

Both of these mechanisms described by the pairing 
schemes of Fig. 2.6 assume that the effect of pH on the 
reaction rate may be described by one mechanism affecting 
the rate-determining step over the entire range of pH. 

Of course, this may or may not be the case. Consideration 
of Fig. 2.6 might suggest a third alternative involving 
two independent acid-catalyzed mechanisms. An attempt to 
depict two possible overlapping mechanisms is shown in Fig. 
gn Oend LHe pkt is now not kinetically observable. The neg- 
ative change in slope occurring at pH = 6 is a result of 
the change in mechanism and is not interpreted in terms of 
a transition-state acid dissociation. As with the second 
mechanism described above, this scheme implies that two 
ionizations affect the reaction rate, both promoting the 
reaction upon protonation. The critical difference between 


the second and third proposal is that the rate-determining 
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Pid«ie.os, Plot Of iog:k vs. pH for the HRP-II-ferro- 


3app 
cyanide reaction showing, schematically, the possibility 


of two overlapping mechanisms each involving a single 
ionization. The solid line represents the experimental 
curve, whereas the broken line represents the unobservable 
hypothetical portions. The only possible pairing mechanism 


for each ionization is shown by arrows. 
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step is influenced by protonation of a single group in the 
former case rather than by two independent ionizations. 

If two independent ionizable groups are to influence the 
rate-determining step, then they most likely will affect 
the electronic structure of the heme. Such groups may be 
identified with an ionization at the sixth position, an 
ionizable group on the heme, or, possibly, one located on 
the. residue at the fifth position. If two such groups 
exist, the ensuing change in the electronic configuration 
upon their ionization should be observable in the native 
enzyme as well as its two intermediate compounds. Until 
recently, only one such ionization had been known for the 
native enzyme of pK, = ll. However, temperature dependent 
E.S.R. investigations of Tamura and Hori (1972) provide 
rather strong evidence for two ionizations. The reduction 
of HRP-II with p-aminobenzoic acid, also, is probably best 
described in terms of such a dual mechanism. However, a 
detailed discussion of this mechanism will be postponed 
until the kinetics of p-aminobenzoic acid oxidation is 
considered in Chapter 3. 

Kinettes of HRP-I Ferrocyanide Reactton: 


Values for the k calculated from Eq, 2.5 


2app 
are tabulated in Table 24 and plotted in Fig. 2.3 for 
both oxidizing substrates. Problems encountered in the 


study of HRP-I in the acid region of pH were similar to 


those discussed for HRP-II. The fast rates of the HRP-I- 
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Table 2.4: The second order rate constant determined for 


the HRP-I-Ferrocyanide reaction at 25° and 


uo = 0.11 
oe OE Te ee Oe 
pH® erie, Maas oN Buf fer hee ea 

Substrate 
4.78 (7,342.2) x10° A E 
4.97 (7.541.4)x10° A M 
5.38° (5.34+0.3)x10° CA M 
5.48 (4.1+0.8)x10° A E 
3 (3.0+0.4)x10° A M 
5.94 (1.9+0.4)x10° P E 
Bele (22320.1)x10° P E 
6623" (1.6+0.1)x10° P M 
6.43 (1.240.1)x10° CA E 
6.61 (1.1+0.1)x10° P M 
6.93 (9.1#0.1)x10> P E 
(aa (7.5+0.8)x10> P M 
7.34 (7,541.2) x10° P E 
750" (6.840.3)x10> T M 
he (6.341.2)x10> P M 
7.98 (6.14+0.6)x10> T E 
8.57 (5.541.4)x10° T E 
g.99° (60120. aioe T E 
9.75 (5.940.9)x10> C M 


(Table continued on next page) 
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Table 2.4 continued 


pH* k (Meee Buf fer© Oxidizing 
app a 
Substrate 

9.98 (6.0+0.6)x10> T E 
toc6s (3.3+0.6)x10> C M 
a,brCr don, same as in Table 2.1 
e -4 ; 

Study of Ko obs VS. [Fe (CN) ¢ ] from which Koapp was 


calculated from the slope of a linear least-squares 


analysis. 


n ’ a 
; fn 
ae i, 
‘ey ; 
Petr 
Lia As 
i ‘ 
1 Kee 
% 
; is, ' ie 
i it oy i 


t 
ae } 
Nea f a oy iM i 
he "903% ¥ 
De Ve , ; 
a oy 


_ ne 
; . - ye 
ye 

Veen i i 

ave an | 
ne hi ie ek 


99 
ferrocyanide reaction made tests of Eqs. 2.3 and 2.5 very 
difficult at low pH. As a result, the data obtained below 
pH = 5 have large experimental errors and the pH profile 
could not be defined readily below pH = 4.8 using the 
stopped-flow technique. The steady-state method is not 
amenable to an estimate of the Sys because Sess LS tat 


least an order of magnitude faster than k the rate 


3app’ 
constant for the rate-controlling step. 

The HRP-I-ferrocyanide reaction kinetics may be 
best considered in terms of transition-state theory in a 
manner completely analogous to the HRP-IIi-ferrocyanide 
reaction. The simplest hypothetical log rate-pH profile 
is sketched in Fig. 2.9 with the dotted areas designating 
the unobservable extremities of pH. The one possible pairing 
mechanism for this proposed pH profile is also shown. 
This mechanism involves a single enzyme ground-state ion- 
ization having a dissociation constant K, and a transition- 
state dissociation constant KT, Protonation of this group 


3 


promotes the reaction as in the case of HRP-II reduction; 


one may calculate k from the relationship: 
Zapp 
oe Coty xi + 1) 
k ee ae a C2ee 2) 
Zapp (hn) 4k, 2) 


In this expression k5 is the pH independent limiting second 
order rate constant at high pH. Results from the nonlinear 


least-squares analysis of the data are given in Table 2.5. 
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LOGares 


Pies PLO’: Of (hog k 


vs. pH shown schematically 


2app 
for the HRP-I-ferrocyanide reaction. The solid line 


represents the experimental curve, whereas the broken line 
represents the unobservable hypothetical curve at extremities 


of pH. The only possible pairing mechanism is also shown. 
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Table 2.5: The parameters obtained from nonlinear 
least-squares analysis for the HRP-I- 
ferrocyanide reaction® 
Kive(GNGL0e2)xL07 Me 
xt = (2.540.2)x10 /M 

7 -6 
Ky (4,220.8) x10 M 
kK}? = (6.0#0.2)x10° M's + 
«iP = (4.040.6)x10/ 
KQ = (4.941.6)x10°° M 


“The errors reported were estimated as in Table 2.3 
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From previously reported data for HRP-II prepared from 


hydrogen peroxide (Hasinoff and Dunford, 1970). 
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For purposes of comparison the data reported earlier for 
the HRP-I reaction prepared from hydrogen peroxide (Hasinoff 
and Dunford, 1970) were reanalyzed in terms of transition- 
state theory. These also appear in Table 2.5. The two 

sets of best-fit parameters are identical within experimen- 
tal error. 

The mechanism for HRP-I reduction is very similar 
to that for HRP-II reduction. There is one major difference. 
The HRP-I reduction is influenced by only one ground state 
LON Zac] Olin as Lhe PK. of any group associated with the heme 
will be shifted to lower PK, values with increasing positive 
charge at the, active «site..cWhere fore, the donization of 
HRP-I at PK = 5.3 may be due to the same ionizable group 
which has an ionization with pK, = 8.5 in HRP-II since HRP-I 
has one more oxidizing equivalent than HRP-II. It is rather 
difficult to explain the shift of PK, < Qi sto pK =~5%-3 
with increasing positive charge. Hence, of the two ion- 
izations influencing the HRP-II reaction, it is probable 
that only the ionizable group associated with a pK, = 8.5 
in the HRP-II reaction affects the HRP-I reaction with an 
observed PK =D andre 

Results published earlier for the HRP-I-ferro- 
cyanide reaction (Hasinoff and Dunford, 1970) for pH < 5 
were interpreted in terms of an additional pKt at about 4. 
This would suggest an additional PK, <i Zaps However,. such 


an interpretation is based upon two experiments performed 
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at pH ~ 4 where the reaction rate was very fast and the 
ferrocyanide system was known to be unstable. It is dif- 
ficult to weight these two experimental values very heavily. 
The data obtained for the HRP-I-p-aminobenzoic acid would 
appear not to justify the inclusion of any further param- 
eters, beyond those.of Fig. -2.9.,..Although .the possibility 
that the ionization associated with the PK <2 wit ERP = 1 
reduction affecting the HRP-I reaction cannot be ruled out, 
it would appear that the pH profile for the HRP-I-ferro- 
cyanide reaction has only one major, ground-state ionization. 
2.4 Discussion 

The evidence presented above indicates that the 
proton-transfer mechanisms involved in the reduction of 
HRP-I and HRP-II by ferrocyanide are identical, over a 
wide range of pH, regardless of the organic hydroperoxide 
used as oxidizing substrate. The two ionizable groups 
previously identified in the acid region of pH for HRP-II 
reduction, when hydrogen peroxide was used as oxidizing 
substrate, do not appear to be significant when the experi- 
mental errors are considered carefully. This implies that 
the same mechanism is operable no matter what the oxidizing 


agent. In each case the active site must be structurally 


the same. 


Recently, 918 labelling studies (Hager et al., 


1972) in compound I formation from chloroperoxidase and 


product studies from HRP-I formation (Schonbaum and Lo, 
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1972) provide rather strong evidence for the incorporation 


of a single oxygen atom of the oxidizing substrate upon 
formation of the intermediate compounds. These results, 
together with the experimental data presented here, would 
Suggest an O-O bond cleavage on HRP-I formation with the 
oxygen-containing organic fragment functioning as the leaving 
group. It is probable that the OH group is retained at 
the sixth co-ordination position in HRP-I. Reduction of 
this intermediate compound involves the abstraction of an 
electron from the reducing substrate with the OH group 
being retained at the active site in HRP-II. Protonation 
of a group which is integrally involved with the heme's 
electronic environment would be expected to accelerate the 
electron-transfer process. The slower reduction of HRP-II 
must involve not only an electron-transfer, but also the 
displacement of the OH group. Protonation of this group 
obviously will enhance the required transfer of electronic 
charge to the oxygen in the bond-breaking step leaving a 
weakly co-ordinated water molecule in the sixth position 
of the native enzyme. Such a model is compatible with 
recent studies (Moss et al., 1969; Dolphin et al., 1971; 
Felton et al., 1971) which indicate that quadrivalent iron 
is present in both HRP-I and HRP-II but the former shows 
characteristics typical of nm-cation radicals. This suggests 
that HRP-I reduction results from charge transfer to the 


porphyrin ring but HRP-II reduction involves charge transfer 
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to the iron upon Fe-O bond cleavage. 
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CHAPTER 3 


‘ AROMATIC AMINE PEROXIDATION CATALYZED BY 
HORSERADISH PEROXIDASE 

snl LA eTOGUuGCELOn 

The proton-transfer mechanisms for the peroxidase- 
catalyzed reactions of compounds I and II with several in- 
organic reducing agents (Hasinoff and Dunford, 1970: Roman; 
1972) as well as for the reaction of HRP-II with p-cresol 
(Critchlow and Dunford, 1972a) have been investigated. The 
characteristics of the pH dependence of the reaction rates 
were different for each substrate. This would suggest that 
either more than one mechanism is operative, or each sub- 
strate may interact in a unique manner with a sterically 
restrictive active site. A further study by Critchlow and 
Dunford (1972b) has attempted to explain the observed 
kinetics for HRP-II reduction with iodide, ferrocyanide and 
p-cresol in terms of a single mechanism involving an intra- 
molecular proton transfer. However, no information was 
available concerning HRP-II reduction with the aromatic 


amines, a major class of organic substrates. 


In order to determine whether proton-transfer 
mechanisms were similar for the oxidation of aromatic 
amines and phenols, p-aminobenzoic acid (PABA) was chosen 
asa Perret ve of amine reducing substrates. PABA 
has long been implicated as a bacterial growth factor. It 


is one of the raw materials used for the biosynthesis of 
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folic acid. Lipmann (1941) was one of the first to report 
the oxidation of PABA by HRP. Under steady-state con- 
ditions, he observed the development of a red colour which 
he attributed to a rather complex mixture of oxidation 
products. Saunders et al., (1964), Saunders and Stark 
(1967), Holland and Saunders (1969, 1971) and Holland 
et al., (1969) have studied the oxidation products of a 
variety of substituted anilines, and Chance (1951) has 
reported rate constants for aniline and PABA at pH of 7. 
Little evidence has been published regarding the mechanism 
of the initial reaction in amine oxidation. 

PABA was readily available in the neutral form 
and as the potassium salt, a white crystalline solid con- 
taining < 1% impurity. The potassium salt, being readily 
soluble in water, made the preparation of solutions much 
easier. The reported rates at pH = 7 (Chance, 1951) in- 
dicated that the reaction was slow enough to permit the study 
of both HRP-I and HRP-II reduction. Since the oxidation of 
p-cresol exhibited kinetics which were nonlinear with in- 
creasing substrate concentration, and a Pubeeaee interaction 


with native HRP had been reported for aniline (Critchlow and 


Dunford, 1972a), a slow rate of reaction was desirable to 
allow the characterization of the kinetics over a wide 

range of substrate concentration. The protonation of the 
carboxyl group at the position para to the amino group en- 


hances its electron-withdrawing effect. A study of the 
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dependence of the rate on pH in the vicinity of the PK, OF 
the substrate carboxyl group should provide information 
about substituent effects. 

3.2 Experimental 

Materials: 

HRP was obtained from Boehringer-Mannheim as a 
highly purified ammonium sulphate suspension. It was 
dialyzed, filtered and assayed as described in Chapter 2. 

PABA, both as the free acid and as its potassium 
salt, were obtained from Sigma Chemical Company as Crys- 
talline 99+% Grade 1-P. The molar absorptivity at pH = 7.6 
was determined from the absorbance at 265 nm and found to 
be within 1% of the literature value of 1.45 x 10° m+ cm? 
(Rekker and Nauta, 1956). The substrate was observed 
spectrophotometrically at 265 nm in typical buffered 
solutions of ionic strength 0.11 over the entire pH and 
concentration range of the study and found to be stable, 
having molar absorptivities similar to those published. 
NMR analysis showed no spectral anomalies. 

Water was distilled from alkaline potassium per- 
manganate, then redistilled. The H,0. was stored as des- 
cribed previously. Reagent grade aniline from Allied 
Chemical and USP sodium benzoate from Fisher Scientific 
were used without further purification. The concentrations 


of these reagents and PABA were monitored spectrophoto- 


metrically in phosphate buffer (pH = 7.6) with the following 
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molar absorptivities: PABA, a =P Thad SrexnckO San ae ema; 
aniline, Soy <8. 3 Ge Nowe Menten brtthang 1972 )onesoddum 
benzoate Be = 6.0 x 10° mt em? (Perkampus vet wh. wil971). 


Stopped-Flow Experiments: 

The techniques used in stopped-flow experiments 
have been described in Chapter 2. The PABA investigations 
were performed using comparable methods. The reduction of 
HRP-II was followed at 425 nm and HRP-I reduction at 411 
nm. At low pH values the rates for reduction of the two 
intermediate compounds of HRP were similar. With substan- 
tial amounts of both HRP-I and HRP-II in solution, kinetics 
typical of two pseudo-first-order reactions occurring in 
series were obtained at 425 nm (Frost and Pearson, 1961). 
This would be expected if HRP-I was reduced through two 
one-electron transfers rather than a single two electron 
transfer as occurs in the oxidation of iodide (Roman 
and Dunford, 1972). As a result, it was imperative to 
insure that no HRP-I was present when observing the 
HRP-II reduction. This was accomplished by monitoring the 
reaction at 411 nm on the stopped-flow apparatus prior to 
each set of experiments. Since HRP and HRP-II are iso- 
sbestic at this wavelength no change in absorbance should 
be observed. A narrow band pass was insured by using a 
slit width of <0.2 mm. Unlike the HRP-II reduction where 
interference from HRP-I decay may be eliminated by conver- 


ting HRP-I entirely to HRP-II, in the HRP-I reduction 
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HRP-II is formed as a product. The presence of HRP-II can- 
not be eliminated, but the contribution to the observed 
absorbance change due to the decay of HRP-II may be min- 
imized to a point where it is insignificant. This is not 
a major consideration if the rates at which these two inter- 
mediates are reduced are well separated in time. However 
if these rates are approximately the same, it becomes 
important to experimentally define the wavelength at which 
HRP and HRP-II are isosbestic (~411 nm). To establish 
this wavelength precisely, the monochromatic light source 
was set to obtain no change in absorbance for an HRP-HRP- 
II mixture. One was assured, then, that the absorbance 
change resulting from product decay was not significant. 
The HRP-HRP-II mixture was removed from the feed syringe, 
an enzyme preparation containing largely HRP-I was added, 
the instrument flushed and the resulting stopped-flow 
traces monitored for any given PABA concentration. 

The potassium salt rather than the free acid of 
PABA was used because the latter dissolved much more easily. 
Both were found to give the same kinetic results. The PABA 
aqueous stock solutions were stored in the dark to prevent 
spontaneous oxidation. Although it was found that solutions 
stored for several days produced kinetic results similar to 
those from freshly prepared solutions, PABA solutions were 
prepared prior to each day's experiments as a precaution. 


Use of the PABA potassium salt in acid solutions often 
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required an adjustment of pH prior to each set of exper- 
iments. This was particularly true for studies involving 
the dependence of the observed rate constant on PABA con- 
centration. Over the large concentration range used it was 
difficult to buffer the solution adequately and, at the 
same time, avoid buffer effects. As a result the buffer's 
ionic strength contribution was always maintained at 0.01 
and the pH of the solution containing the PABA, buffer and 
nitrate was adjusted to a constant pH value by the addition 
Geamicroliter duantrties of 1M nitric acid. The total 
ionic strength was always maintained at 0.11. Whenever 
ionic strength contributions from the nitric acid or the 
PABA were significant (>2%) appropriate adjustments were 


made in the KNO, concentration. Immediately following each 


3 
set of experiments the pH of the solution was measured 
with an Orion pH meter in conjunction with a Fisher com- 
bination electrode. 

Reactions, conducted at 25°C, had half-times 
from 5 milliseconds to several seconds. The PABA was always 
at least in ten-fold excess over the HRP intermediate com- 
pound insuring pseudo-first-order conditions. The resulting 
absorbance changes were normally <0.04 absorbance units; 
hence, observed voltage changes could be regarded as propor- 
tional to the change in absorbance (see Appendix 1). An 


average rate constant with standard deviation was obtained 


from 8 to 12 traces for each set of conditions. 
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The Order of Reaction wtth Respect to HRP-II: 

The order of the reaction with respect to HRP-II 
when the reaction proceeds slowly (half-times > 1 min.) 
was observed to deviate significantly from unity. This in- 
vestigation was carried out on the Cary-14 spectrophotometer 
with a 0 - 0.1 absorbance slide wire. The method used 
to observe the slow decay of HRP-II was identical to that 
described from the HRP-II-ferrocyanide reaction at high 
pH. 

The pK Values for PABA: 

Under conditions comparable to those of the 
kinetic experiments (uy = 0.11, temperature 25°C) the two 
ionization constants of PABA were determined spectrophoto- 
metrically on the Cary-14. The pH, maintained by buffers 
in which the reaction had been investigated, was measured 
for each sample directly in the cuvette using a Fisher 
combination microprobe electrode. The sample contained 
PABA at a total concentration of ighe M. Both sample and 
reference solutions contained 0.1 M potassium nitrate and 
buffer (u = 0.01). Absorbance measurements were made at 
265 nm, the wavelength at which the spectrum appeared most 
sensitive to the changing concentrations of the three states 
of ionization of PABA. The system was investigated at 31 
different pH values from 9.37 to 1.40. The curve obtained 
when the absorbance was plotted against pH was analyzed 


using a nonlinear least-squares program in terms of two 
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PK, values. 
Binding to Native HRP: 

Absorbance changes upon the addition of PABA to 
a buffered solution of the native enzyme were studied spec- 
trophotometrically over the range 380 - 440 nm on the Cary- 
14 spectrophotometer. These equilibrium experiments were 
normally conducted at pH = 5-0 using acetate buffer. All 
solutions were maintained at a total ionic strength of 
0.11 by suitable adjustments in the KNO, concentration. 
Because the spectral changes were generally < 5%, a0 - 0.1 
absorbance slide wire was used and the absorbance change 
observed by difference spectroscopy. Typically, none M 
HRP solutions were pipetted as 2 ml aliquots into both 
sample and reference cuvettes. To each cuvette was added 
107° p-cresol. This was too low a concentration to affect 
the HRP spectrum but insured that any intermediate HRP 
compounds, possibly formed from the inadvertent introduction 
of oxidizing agent, were promptly reduced. A predetermined 
amount of PABA was added to the sample cuvette with a micro- 
syringe followed by a similar addition of distilled water 
to both the reference and sample to bring the total volume 
to 2.2 mls. The solutions were stirred with a Teflon 
plumper. The pH was measured directly in the cuvette after 
obtaining the difference spectrum with the use of a micro- 


probe electrode. Similar studies were performed using 


benzoic acid and aniline. 
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Steady-State Experiments: 

The steady-state investigation used techniques 
identical with those already described for the ferrocyanide 
study. The rates were monitored at 265 nm for PABA con- 
centrations < 1074 and at 320 nm at higher PABA concen- 
trations. Experiments were performed in carbonate buffer 
(u = 0.01) with 0.1M KNO, making the total ionic strength 
0.11. The initial horseradish peroxidase concentration 
[HRP],, was 7.4 x 10°’ M, with [H,0,], = 6.3 x 10° M and 


> COU oe Low M at 265 nm, and up to 


[PABA], = 5 x 10° 
5 x 10M at 320 nm. 
3.3 Results 
The pK, Values for PABA: 
The dependence of absorbance on pH for three 


different states of ionization of the same chemical species 


may be shown to be (see Appendix 3): 
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where A is the absorbance at a given hydrogen ion concen- 


€ and e, the molar absorptivities for the 


Bis aHB B 
three ionizable species, [B], the total substrate concen- 
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tration and Kis Ko the two dissociation constants. The 
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data obtained are shown in Fig. 3.1 with the best-fit 

curve obtained from the nonlinear least-squares analysis 
using the molar absorptivity of the species in alkaline 
solution (e,) of 1.45 x sa M+ om +. The molar absor- 


ptivity for the neutral species (€ 1p) was estimated at 


(9.78 © 0.08) 10°, M~ of *. ‘For the fally protonated form 
Eg Was calculated.to be (3.2 £953) 10° Mi semen the 

2 
values of Ky and Ko 5 were estimated at (1.68 + 0.08) 107° 


M and (3.54 + 0.30) 10°72 M. The value for the protonation 


of the amino group is less well defined than that for 
protonation of the carboxyl because of the inability to 
work in the low pH region where this group is completely 
protonated. The pK, values pK). = 4.77 £ 0.02 (carboxy]) 
and PK, = 2.45 +t 0.04 (amino) are in good agreement with 
those determined potentiometrically (Albert and Goldacre, 
1942; Lumme, 1957). The spectrophotometric results of 


Robinson and Biggs (1957) (see Ref. 208) are also in agree- 


ment and verify the proposed group assignments. 


The Order of the Reaction tn HRP-IT: 

The simple exponential traces usually obtained 
from stopped-flow kinetics below pH = 7 demonstrated that 
the reaction was first-order in HRP-II. The rate constant 
was determined from the voltage changes observed for each 
trace using a nonlinear least-squares program. A typical 
semilogarithmic plot obtained at pH = 5.17 in acetate 
buffer is shown in Fig. 3.2. With a small excess of PABA 


(PABA concentrations in 10~100 fold excess of HRP) the slow 
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Fig. 3.1: Plot of absorbance vs. pH for PABA at 00 uM 


in buffer solutions of total*onic= strength 0.11 (25°C). 
The curve represents the nonlinear best-fit to Eq. 3.1. 
Parameters from the statistical analysis are to be found 
in the text. The PK, values of 4.77 = 0.02 for the 
carboxyl and 2.45 + 0.04 for the amino group were obtained. 
The errors representing the standard deviations from the 


analysis. 
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Fig. 3.2: Semilogarithmic plot of the voltage change, Av, 
against time for the HRP-II reduction with PABA at pH = 

5.17 in acetate buffer. This experiment was performed on 
the stopped-flow apparatus for [PABA] = Ke a and [HRP-IT] ,~ 
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8 x 10 ° M at a wavelength of 425 nm. 
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rate of HRP-II reduction at alkaline pH values can be 
studied on the Cary spectrophotometer. However, under such 
conditions, the reaction showed significant deviations from 
a pseudo-first-order response. A semilogrithmic plot 
Grethneidata, obtained’ at pH = 7.08 (Fig. 3.3). illustrates 
the nature of the observed log absorbance change (AA) vs. 
time trace at 425 nm and PABA concentration of 2 x rCie M. 
An identical response was observed over the Soret spectral 
region 390 - 440 nm. Therefore, it is unlikely that such 

a reaction trace is a result of another, spectrally distin- 
guishible, intermediate of HRP. 

The data of Fig. 3.3 suggest two parallel first- 
order reactions as a possible explanation. Similar devi- 
ations from the expected first-order rate law have been 
observed in the hydrolysis of diethyl-t-butyl-carbinyl 
chloride (Brown and Fletcher, 1949). The observed depar- 
ture from first-order kinetics may be treated in an analog- 
ous fashion for HRP-II reduction by PABA (see Appendix 4 
for a detailed mathematical treatment). Such a treatment 
implies that the HRP intermediate may be reduced to HRP by 
way of two parallel pseudo-first-order reactions which 


probably provides the simplest explanation of the results: 


k! 

HRP-Ir OPS, (3.2) 
Robs 

BRP} Lye (3 23) 


This would suggest that either two spectrally indistinguish- 
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ABSORBANCE CHANGE AAx103(A.U)) 


Z 4 6 8 10 12 
TIME x10 (s) 


Fig. 3.3: Semilogarithmic plot of absorbance change at 425 
nm against time for HRP-II reduction with [PABA] = 2 x oa 
M, pH = 7.08, phosphate buffer. This experiment was per- 


formed on the Cary 14 spectrophotometer. 
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able but kinetically different forms of HRP-II exist or 
that HRP-II is reduced by two different species. The 
kinetic parameters of each reaction may be determined by 
first analyzing the linear portion that occurs after the 
first half-time of Fig. 3.3. In this region only one of 
the reactions predominates and the system may be treated 
as a simple first-order case. Extrapolation of the linear 
best-fit line to zero time, then, allows one to calculate 
the absorbance change in the initial phase due to this 
reaction. As a result, the absorbance change due to the 
simultaneous reaction which contributes significantly 
initially (causing the deviation from linearity) may be 
determined. This calculated absorbance change for the 
simultaneous reaction is plotted against time in a semi- 
logarithmic fashion in Fig. 3.4. The linear response is 

a positive test for the pseudo-first-order nature of the 
interfering initial reaction. From these considerations, 
the data appear to fit the proposal of two parallel first- 
order reactions. 

Although the separation of the initial curvature 
and the final linear portion of the curve becomes less 
well defined above PABA concentrations of oa M, an attempt 
to study both reactions over the substrate concentration 


> = 2% vOke M resulted in reproducible 


range 2 x KO 
traces similar to that of Fig. 3.3. The dependence of the 


rate on substrate concentration is shown in Fig. 3.5 for 
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CALCULATED ABSORBANCE CHANGE AA~ 10° (AU.) 


TIME x10 '(s) 


Fig. 3.4: Semilogarithmic plot of the calculated absor- 


bance change vs. time for the observed deviation from 
linearity in the initial portion of the plot in Fig. Ei he 


The results conform to the first-order rate law. 
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4 12 PAB, 
[PABA] x10°M 


Pigs) 2.0 sib lou OLetheak ie ve. [PABA] for the final 
fe) 
linear portion of the reaction trace typified by Fig. 3.3 


(pH = 7.08, phosphate buffer). The apparent second-order 


rate constant determined from the slope is 2.35 x five a 
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the initially dominant reaction and in Fig. 3.6 for the 
finally dominant reaction. The correlations shown in both 
figures indicate that the rate constants of Eqs. 3.2 and 
3.3 are linearly dependent on substrate concentration. The 
small negative intercept of Fig. 3.5 may be a manifestation 
of deviations from linearity caused by the slow accumulation 
of reaction products absorbing in this spectral region. 

The proposed reaction scheme for the reduction of 
HRP-II by PABA, which involves two parallel first-order 
reactions, may be interpreted in several ways. If the 
native enzyme preparation consisted of two kinetically dif- 
ferent isoenzymes of HRP such as the acid form, HRP(I) and 
the neutral form, HRP(III) (using the nomenclature of 
Stigbrand and Paul (1970) which is not to be confused with 
the designations HRP-I or HRP-III for the intermediate 
compounds) present in about equal concentrations, one would 
expect a kinetic response similar to that just described. 
One would predict that the observed deviation from overall 
first-order kinetics in the initial time interval should be 
independent of substrate concentration and the deviation 
should be clearly defined at high concentrations. Fig. 3.7 
is a semilogarithmic plot of the voltage change vs. time 
observed on the stopped-flow apparatus for HRP-II reduction 
in phosphate buffer (pH = 7.10) at an initial concentration 
fa Re Tp 4 idee M PABA. No significant deviation from the 


first-order rate law was observed. Traces similar to those 
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Fig. 3.7: Semilogarithmic plot of the voltage change vs. 


time for HRP-II reduction on the stopped-flow apparatus by 


3m (pH = 7.10, phosphate buffer). The 


[PABA] = 3 x 10. 
linearity of this trace is in sharp contrast to Fig. 3.3 

obtained at lower [PABA]. The apparent second-order rate 
constant from this experiment was calculated to be k 


(4.00 + 0.05) x 10° M~ sec -. 
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obtained on the Cary-14 spectrophotometer at PABA concen- 
trations of about 2 x uc M were obtained using the stopped- 
flow technique, which indicated that the psuedo-first-order 
response was not a result of the different experimental 
technique. Therefore, a mixture of HRP isoenzymes is not 

an adequate explanation. 

If the PABA contained small amounts of a reactive 
impurity which reacted much faster with HRP-II, then, a 
kinetic anomaly dependent upon substrate concentration 
might be expected. This would lead to a second-order rate 
law for the initial reaction and Eq. 3.2 would be replaced 
by: 

k! 

PRPer Pei ee (3.4) 
where i is the impurity. With increasing substrate concen- 
tration, the concentration of the reacting impurity would 
gradually increase until it became large compared to the 
HRP concentration. Under such conditions the kinetic re- 
sponse of Fig. 3.7 would be expected. 

That this may not be the case is indicated by the 
observation that the initial reaction always appears to 
satisfy a first-order rate law. However, the response of 
the system to successive additions of hydrogen peroxide 
provides the most convincing evidence that an impurity can- 
not account for the observed kinetics for these experiments. 


On the Cary 14 spectrometer 0.8 molar equivalent hydrogen 
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peroxide and 0.4 molar equivalents of p-cresol were added 
simultaneously to a buffered solution of native HRP con- 
taining a 10 molar excess of PABA. Prior to the initial 
response of the instrument, the peroxide formed HRP-I 
which rapidly decayed to HRP-II upon reduction with p- 
cresol. The HRP-II then reacted with PABA to give the 
typical kinetic response of Fig. 3.3. If the initial non- 
linear portion were attributable to an impurity, then, 
following the complete decay of HRP-II to HRP, a second 
addition of peroxide and p-cresol should give a good first- 
order linear response since all the impurity would have 
reacted. However, upon five successive additions of per- 
oxide and p-cresol, the observed kinetics were unchanged 
from those of the first turnover of the enzyme. Thus, a 
highly reactive impurity cannot be responsible for the 
observed deviations from the first-order rate law. 

The apparent second-order rate constant calculated 
from Fig. 3.5 and Fig. 3.6 are not in agreement with that 
of Fig. 3.7. Instead, the rate of high substrate concen- 
tration (Fig. 3.7) is approximately the same as that ob- 
tained from the initial slope of Fig. 3.3. This suggests 
an alternative mechanism. Instead of the parallel reactions 
of Eqs. 3.2 and 3.3, a more likely possibility is the 
sequential mechanism 
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These consecutive reactions imply that HRP-II reacts ini- 
tially with PABA, and that the products formed alter the 

- activity of the enzyme intermediate. The results obtained 
upon successive addition of peroxide and p-cresol, described 
earlier, would indicate that, if HRP-II interacts with pro- 
duct, this product species must be transient in nature. 

This is suggestive of a free radical interaction occurring 
during the first half-life. Examination of Fig. 3.3 shows 
that, on reduction of half the HRP-II, sufficient free 
radicals have been produced to alter the remaining enzyme 
intermediate's activity. Therefore, as a tentative proposal 
let us consider a mechanism involving a type of product in- 
hibition: | 


K3app 
HRP-II + PABA —m——— HRP + P. (3.6) 


k! 
HRP-II + Pp. ————~> HRP-II' ah) 
fast 
k 
Doi DABAG 2 ake se SP ROD, (3.8) 
fast 
k" 

Rear + PARAS = ORE aR 4D) (3.9) 
where P.represents the initial free radical formed on PABA 
oxidation and PROD. the products resulting from P. reacting 
with PABA. The radicals, PROD. and P., may undergo further 
reactions with substrate or other product species in the 


usual free radical chain propagation andtermination reactions. 


When k' [HRP II] > oe the log AA vs. time traces 


gee. | Bia ae - hee: ‘A 
- Se PIR OD Sar Sue ‘geds ybom at > kos on 
ony seats pomzo® etonbosg \sily, sae ba a 
badizoseh .foeezp~g Pos sbixoxea 2e ei 
cig dFiw ase yoOI As al 3 teas wots 
 Sayeee at Jreghapmeea; er eum aeinega # | | 
paizayese moisomtagal inoibay. wnat, 16 er iseogD0e i, ral 
mvrode £.6 .pht 2o pobisnbtsss | whit thee te ; orf 4 /')p : 
aort coeialtiee , 11-GHk, orig vad, 20 oe Pe 
anysno padnkames At ress, ad beoyborg, hints 
[seoqond avitadned 6: Bs, srohened? R +ysivizos ate 
~ni sgtborg Jo. Rays pei deties nipaations a slain 


bemintdo ediueex ef? .038 hb 


ay a's ro ee cp avy 14 ) 


(t.£) eat 8 & aa me 
heed hectare 


Pi @ right ise 
(SE) on + <8 Wet 
NiPc * Fi Paar ie Ih, : im 
(@.£) cn se ABA + “a-anat | ‘ey, 


, | phi’ ty 
BRAS 19) Hews02 tei) sex? Ledsint add poner ie | 
(pnbdoses 7 mos mint daamiied ite <aoat emai 


a 


exhibit a distinct initial curvature which is concave to 
the time axis. With increasing [PABA] this curvature is 
extended into the linear portion until reaction 3.6 domin- 
ates. A pseudo-first-order kinetic response will be ob- 


served when k' [HRP-II] << k [PABA]. This mechanism is 


3app 
the only one of those discussed which has the merit of 
offering a reasonable explanation consistent with all the 
observations. 

At sufficiently low pH with excess PABA, the 
reduction of HRP-II conformed to the pseudo-first-order 
rate law (Fig. 3.2) and disappearance of HRP-II may be 
expressed as: 


, -d[HRP-IT] 


=k [HRP-IT] (3.10) 


at 30bs 


The same rate law applies in the alkaline region of pH at 
sufficiently large excess of PABA. A similar kinetic 
response was also observed for the HRP-I suggesting that 
the same arguments would apply. However, this reaction 
was not well documented. At the faster rates, it was not 
possible to study the reaction on the Cary spectrophoto- 


meter. 


The Order of the Reactton wtth Respect to Substrate: 
In the alkaline region of pH the oxidation of 


PABA by HRP-II was studied over a wide range of substrate 
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concentration (up to 10 “ M). At PABA concentrations in 
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sufficient excess for eq. 3.10 to apply, the system showed 


good linear responses when Ky was plotted against the 


bs 


PABA concentration. These kinetics may be described by: 


k =k [PABA] (B11) 


3o0bs 3app 


Such a correlation is shown in Fig. 3.8 at pH = 6.15 in 
cacodvlic acid buffer. The rate measured at [PABA] = cies 
Me(not plotted in Fig. 3.8) of Kis = 4,92 sec + demon- 
strated a pseudo-first-order response over a concentration 
range of two orders of magnitude. Although small positive 
intercepts were encountered below pH = 6, they were never 
greater than 0.3 eee) Similar results were obtained in 
the case of ferrocyanide and p-cresol oxidation by HRP-II. 
These small intercepts are believed to be attributable to 
small amounts of reducing agent inadverently introduced as 
impurity. 

At pH values < 5, a nonlinear response was observed in 
the k3,,, vs- [PABA] plots. This is readily apparent from 
the data at pH = 4.17 in acetate buffer shown in Fig. 3.9. 
This kinetic response was studied over the range of pH 
from 2.4 to 5.0. The investigation was necessarily ter- 
minated at pH = 2.4 because the rapid rates did not permit 
one to determine the rate constants over a large enough 
range of substrate concentrations. Above pH = 5.01 exces- 
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sively concentrated solutions of substrate (< 5 x ie MM) 


were required to define accurately the dependence of eee 
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Fig. 3.8: Plot of the pseudo-first-order rate constant 
against [PABA] for the stopped-flow experimental results 
obtained at pH = 6.15 in cacodylic acid buffer. The good 
linear response demonstrates that the reaction, under 


these conditions, is first order in PABA. 
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Fig. 3.9: A plot of the observed pseudo-first-order rate 


constant, k against [PABA] for HRP-II reduction at 


30bs’ 
pH = 4.17, acetate buffer. The nonlinear response illus- 
trates the deviation from first-order behaviour in PABA. 


The error bars are the standard deviations calculated from 


experimental traces at each set of conditions. 
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on substrate concentration. 

This nonlinear response of the 1h ae with in- 
creasing PABA concentration behaviour may be described by 
a binding interaction between the two reactants. The 
simplest mechanism one might consider is the Michaelis- 
Menten case where substrate binds to the enzyme in a rapid 
equilibrium step to form an enzyme-substrate complex which 
then reacts in a unimolecular slow step: 


K k 


HRP-Ir + paBA—— urp-rI-paBA — (ay 


where K,, is the Michaelis constant and k, a first-order 


M 

rate constant. For this mechanism 

TG[HRP-IT] _ \ [HRP-II-PABA] | (is 

3 
Glie 
_ [HRP-II] [PABA] 

Since Ku = THRP-II-PABA] (3) a4 ) 
and [HRP-IT] , = [HRP-II] + [HRP-II-PABA] (sic 5) 


where [HRP-IT] , is the concentration of the enzyme inter- 
mediate prior to mixing with PABA, then substitution of 
eqs...3n@4 and 3.15. intoged. 3. 15. demonstrates that: 

k. [PABA] 


3obs Ky + [PABA] 


One would predict ahyperbolic curve when Kis is plotted 


against [PABA]. A saturation effect occurring at high sub- 
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strate concentration causes the observed rate to become 
independent of substrate concentration. The data of Fig. 
3.9 show no such saturation effect. The Lineweaver-Burk 
DASE Of the data in ‘Fig. 3.9 is shown in.Fig. 3.10. The 
straight line represents the linear correlation estimated 
from the data at low substrate concentration. All of the 
datarare not plotted in Fig. 3.10 to allow suitable ex- 
pansion of the co-ordinates in order to demonstrate the 
systematic deviation from linearity at high PABA concen- 
trations. The marked nonlinearity of Fig. 3.10 illustrates 
the inadequacy of the Michaelis-Menten mechanism as a model 
for the observed kinetics. 

The linear dependence of rate on PABA concen- 
tration at high substrate concentrations mi geste a reaction 
of an enzyme-substrate complex with an additional molecule 
of PABA (see Fig. 3.9). Reaction of such an enzyme-sub- 


strate intermediate would be first-order in substrate. 


That is: 
K 7 
a 
HRP oT 4 PARAIS ent Ti-PABA See (3207) 
PABA 


where the Kgapp is a pH dependent. second—order rate con- 
stant. Because of the two linear portions of the Ln Toe VE. 
[PABA] plot, two reactions that are first-order in substrate 
are indicated. The simplest mechanism involving an enzyme- 


substrate interaction which adequately describes these 


results is: 
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Fig. 3.10: Lineweaver-Burk plot of the data of Fig. 3.9. 
The linear correlation shown has been estimated from the 
data at lower substrate concentration. The expanded scale 
of the co-ordinates does not allow all data to be plotted 
but does indicate the deviation from simple Michaelis- 


Menten kinetics. 
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k 
HRP-II + PABA PERPA) 


al PABA 
K4app (3.18) 


HRP-II-PABA + PABA Meanie. 


In a manner completely analogous to the simple Michaelis- 


Menten case, an expression may be derived for the Ky 


bs‘ 
-d[HRP-IT] . 
wea sree ald ty K3app [PABA] [HRP-II] + 
dt 
Tees [PABA] [HRP-II-PABA] (3.19) 


K,, [HRP-II-PABA] 


[HRP-II] = M (3.20) 


[PABA] 


[PABA] [HRP-II] -/K, 
[HRP-II-PABA] = ———————__—_—__ Ce 2) 
1 + [PABA] /K,, 


The [HRP-IT] . represents the total concentration of HRP-II 
as defined previously. Substitution of Eqs. 3.20 and 3.21 
into Eq... 3.00ushows that: 


k [PABA] + k 


2 
a [PABA] “/Ky 


4a 
1 + [PABA] /K,, 


(3x12 2) 


When [PABA] << K, then [PABA]/K,, << 1 and [PABA]~ << [PABA], 


M 


therefore, 


k =k 


Boba 3app [PABA] (3520) 


and the second-order rate constant may be determined from 
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the slope of the k3gp, vs. [PABA] plot. Similarly when 


[PABA] >> Ky 


k [PABA] + K 3app K (3.24) 


30bs K gapp M 


and k then may be determined from the slope of a plot 


4app 


ofak [PABA]. 


Bobs: 9°" 
A nonlinear least-Squares analysis was used to 
determine the best-fit curves (see Fig. 3.9) and the three 


kinetic parameters. At [PABA] << K a condition which 


M’ 
applies to all results obtained at pH > 5, the reaction of 
the complex with substrate is insignificant and the single 


parameter, k may be obtained from a linear least- 


3app’ 
squares analysis of the RB Ghe vs. [PABA] data. Results 
for the HRP-II reaction are shown in Tables 3.1 and 3.2. 


A similar kinetic response for the HRP-I reaction 


suggests an identical mechanism to that for HRP-II: 


k 
HRP-I sOepnban esc or? 
Ry [Papa 
. Ksapp 
HRP-I=PABA *"4" (PABA ST (3.25) 


where Kapp and Ks app are the appropriate second-order 
rate constants. Analogous to Eq. 3.22 the first-order rate 
constant kj, may be related to the three kinetic para- 


meters: 


[PABA] + k [PABA] “/K 


5app 
Tet [PABA] /K,, 
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Table 3.1: The second-order rate constants determined for 
the HRP-II-PABA reaction at 25°C and u = 0.11 
under conditions such that Eq. 3.10 and Bq.%3.23 
apply. 

pH? RG, 2e (iiss)? Buffer° 

2.484 (6.8+0.1)x10> GNH 

eal (1.2+0.2)x10> GNH 

a539° (6.3+0.6)x104 GNH 

De18> (2.5+0.1)x10° A 

4.35 (8.8+0.1)x10° A 

4.54 (5,440.1) «10° A 

4.88 (2.8+0.1)x10° A 

5.17 (1.640.1)x10°> A 

5.43 (8.940.1)x107 A 

or7s (6.440.1)x107 A 

6.15 (4.8+0.1)x107 CA 

nas (4,840.1) x10 P 

6.58 (4,340.1) x107 CA 

6 (4.040.1)x107 P 

730" (4,040.1) x10? P 

Fn 6G (3.840.1)x107 T 

3.08% (3,440.1) x10 T 

8.31 (3.2+0.1)x107 T 

8.70 (2.340.1)x107 T 


(Table continued on next page) 
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Table 3.1 continued 


pH? kB (m7 tg71)> Buf fer© 
on 1 2e (1.0#0.1)x107 C 
qi 34e (6.340.3) x10 c 
9.53 (5,140.1) x10 c 
onGie (4.1+0.1)x10 c 


“grrors in pH values estimated at +0.02 


Derrors of rate constants represent the standard deviation 


calculated from data at a given pH. 


CRuffer abbreviations are the same as for Table 2.1 with 
GNH being glyine-nitric acid. 


Gonly these data represent a set of experiments performed 


at the given pH and single [PABA]. In all other cases the 


first-order dependence on [PABA] was established. 
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Table 3.2 continued 


@prrors in pH values estimated at +0.02 


Derrors of rate constants represent the standard deviation 


calculated from data at a given pH. 


Buffer abbreviations are the same as for Table 2.1 with 


GNH being glyine-nitric acid. 
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Thus, the HRP-I reaction with PABA was conveniently inter- 
preted in terms of a binding mechanism important over the 
same range of pH as in the HRP-II-PABA reaction. At pH > 5 


the reaction may then be represented as: 
Kapp 
HRP-I + PABA ee Sr 2'7) 
from which Koapp may be obtained from k,.).: 


ane = Ko app [PABA] (3.28) 


The data are tabulated in Tables 3.3 and 3.4 The Michaelis 
constant determined for the HRP-I and HRP-II at any given 
pH were the same within the experimental error. Apparently 
the differences in the active site for these enzyme inter- 
mediates have had little effect on this parameter. As a 
result, no attempt has been made to distinguish between the 
Ky § for the two reactions. Data for Kapp’ K 3app and 
1/Ky are plotted as a‘*tunceion-or pH in Fig. 3.11. 

Although the interpretation of the data in terms 
of an enzyme-substrate complex offers an adequate and 
reasonable explanation, an alternative explanation might be 
briefly considered. As already pointed out, the PABA 
appeared stable under all experimental conditions. However, 
the change in the observed rates with increasing concen- 
tration might suggest a change in the activity of PABA in 
the aqueous solution. Let us consider the various possible 


interactions which may occur between molecules of a benzoic 
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Table 3.3: The second-order rate constants determined for 
the HRP=i-PABA reaction (25°C, » = 0.11) under 
conditions such that the rate was first-order 


in both reactants. 
ec gS ie TA 


pH? Sere (m7tg71)> Buffer© 
2.51 (1.1£0.5)x104 GNH 
2.59 (1,140.5) x104 GNH 
Penk (1.340.1)x107 GNH 
2.95 (1.940.1)x107 GNH 
3.05 (1.9+0.1)x107 GNH 
3.07 (1.940.1)x104 GNH 
3.64 (2.440.1)x104 A 
Sa78 (2.340.1)x104 A 
4.09 (2.440.1)x107 A 
4.51 (2.540.1)x10° A 
4.89 (1.74£0.1)x107 A 
5.02 (1.740.1)x104 A 
5.06 (1.6+0.1)x104 A 
5.19 (1.640.1)x107 A 
sper (1.440.1)x104 A 
5.41 (1.340.1)x107 A 
5.49 (9.740.2)x107 A 
5.67 (9.740.1)x10° A 
5.81 (8.040.1)x10° A 


(Table continued on next page) 


7 7 F = ae a oF oe _ - 
res . } ; Ni : oP. * bh, : 
fal i ; hal s : a ; ‘a Lh 

. , t “aul t c 


4 


tot bariesotob adte2enoo 9367 


a 


sobre (110 ly, 4 O%88)) mpitpeex AgAa~ 


sgbsensexlt aw 2387. ads. ade a 


a roaieeeee cst dient hededieeian nina nen eieeninianmat itt 


Ohta, | Spier mi) at | ‘ ‘ iy : 


HME ae bois 12. Dette jo 
HD | Ponce, 08k, th cn 
Bia. * Pores. oxen). tee 
RMD alia Po te(t, 048.2) 
KMD. | . Poneitsose.t) shi 
whims) pili *oteit O28, +o pee eer 
h | i Pore (£.02beS) |) \ 

& x nett 0ee 8). 

A ihe Pitt Os 5h ee 


m > g Miliiet2 082.8). ae 
A Mamata Oat th ae 
‘  Pocis, 02%. £),, 
pay me. baka ota »t) 
iY ae sa Po teth 02265)» 
A - esenee 
eae ve a pale a eh es 
& od Face (s.04%. 2) | - ene Shee ” ? 
RL ea, Sh lad vil RE 
Fr sag nae * Age a aoe 


ui 


144 


Table 3.3 continued 


pH? yee Aielan te Buffer® 
6415 (6.8+0.1)x10° CA 
6 136 (6,240.2) x10° P 
6.58 (5.540.1)x10° CA 
SmGe (5.82061) x107 P 
6.95 (4.7£0.1)x107 T 
740 (4.6+0.1)x10° P 
7356 (4.3+0.2)x10° T 
8.03 (4.340.1)x10° T 
8.23 (4,440.2) x107 T 
8.61 (4.240.1)x10? T 
9.39% (4.840.1)x10° c 


Serrors in pH values estimated at +0.02 


Derrors of rate constants represent the standard deviation 


calculated from data at a given pH. 


“Buffer abbreviations are the same as for Table 2.1 with 
GNH being glyine-nitric acid. 


Gs tuay of the dependence of k on [PABA] from which 


2obs 


Koapp was calculated from the slope. 


WBS 


tobisiveb byabrete a 


itiw 1,8 obdet x08 ecm odd O18 anoltsivordde 


doietw 


: Einar (8), 046.9) 


fx 3 rf 


r 
i 


bate Haat Uat 
ul ) my? a 
| Par en hoe heey 
7 PVE oe i’ wii 
As Rey ae eae 
os hs : My iy 

i . 

7 a 

cows 4 ae ie oF 


8 cdylil| = cy ve 
ae tine 


nae 


Cora (4.98e. a). a 
| Potxtt One. By . | 
fas! (bees wy 
Syinecyeaciaye | 
quel t.08a 8) 
Poreis.ox8.6) ~~ 
Pots (f. ox€ ‘hy ; 
Pota(SeDsbeb) a 
Cote (hase. eh a 
Rr e ie 4 


Crd es 


RAB R be bossnisae eauter aa au 


Ba newie * 6 $s se mor besate J he ” ‘ 
eae a 
oo. sah PP ie 


/ebsa obstin-entyle — 


oA & - 


Mbit: . Mier eal an ae 4 


mn , 7 1 
re PU ‘ ae 
=e vo o ‘ 2 
er ey i. ‘anita a 


J zy 
' ne ‘aan } 
a af ve at . 
J - ro : , my a 
wn | “. . { Mi a | ily jay, eu 
he ¥ f. : 
Jar. ‘Sh 4 oe i Z 
’ i 4 ‘ Vew J oh i 
adel uy ie 
Le Age eit 
te 7 ‘ie oJ 1 - 


145 


"pyoe oTr4TuU-suTATH huteq HND YITM T*Z STqeL oz owes eyz ere suoTzeTASzqqe Jezzng, 


e 
VW (O@T-T) 
VW (OOT-T) 
4 (08 2°0) 
2) (07-2 ° 0) 
HND (0€-Z°0) 
HN (OC E30) 
p 0 TX (W) 
5293 3nd obuey [vdvd] 


"Hd ueatb 


ze e}ep WOAF pozeETNOTeO uoTReTASp pzAepueqs Oya jAuesezdez sjueqsUOD oReA JO sz07Ag 


7 OTX (7°08 °T) 
7 OTX(L°0*8"E) 


co OTX (2° 0F2°T) 


¢ OTX (8° T#6°Z) 


g OTX(T* THT “€) 


cOTX(EF0°F) 


| W 
q(_-W) 4/T 


q 


ZO°OF Fe poRzeUTISS senTea Hyd ut St0114,, 


¢ OTX (E°0F8°8) 


6 OTX(9°0FF 6) 


pOtX (T° 0% °T) 


pO Ute OF Yer) 


pOtX(T OFF °T) 


pOtX(T*0#2°T) 


ddes 


(,S;_W) 


pOtX(T*040°Z) 


pOlX(TOFE*Z) 


pOtX(T*0F6°7) 


pOlX(T*0#9°S) 
pOTX(T*OFE *Z) 


pOlX(T* 04S °T) 


dde 
(Soe) : 


q°t-"T- 


x 


uOT}#eAWUSDUOD Wawa UO 


Sqoz 


4 ‘QUejZSUOD 93eA AOpA0O-4SATJ-opnesd 


eyy Fo 


souepusedep 3y3 jo stsATeue sozenbs-jseetT AeeuTTUOU 3Y} WOAJ sAejeWeIeg 


*7°€ STAePL 


& 3e ste mou? Setsiuoiso 


Biss 2itsi 


Oix(£ Ltt fy 


Fvin(h. 142.) 
6 $.or - “OietS.pek4) 


Sori 8.028. 


fe Ry -* 

Poxxit oe .1) 

Pete obit 
Poneto: 0ad 3 
: € ote lomes84 


“Se 


£0.0%. ga tatecigde seatey tig 


it 


acidsiveb Kesbaets oft anesetaeas 23asteacos S357 26 BIORAT= 


¢ olde? 10% omse oid ote -enGiigivetdds 165i 


; 5 
£. esoxsa 


d J 
ig mattp~ 


se 


146 


10° 


1/Ky F ko app and Peace 


10 
30 5.0 70 gol" = 


pH 
Fig. 3.11: Semilogarithmic plot of 1/K, for the HRP-II (0) 
and HRP-I reaction with PABA (@) as well as the rate con- 


stant for the HRP-I-PABA reaction k (O), and the rate 


2app 
constant for the HRP-II-PABA reaction, Kapp”)? against 
pH. The curves were calculated from a nonlinear least- 


squares fit of the data to Eq. 3.60 for 1/Ky Sna.ad =, S650 


and) Ba. 3. 90) for Kapp and K3app° 
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acid in aqueous solution (Martin and Rossotti, 1959): 


K 
Mees eee AR (3.29) 


AH +A ot ie YAAK (3430) 


A.H + H age, AAT (3% SL) 
H sara) 


where A represents the unprotonated benzoate anion and the 
K's are association constants. It would appear that a 
reasonable case for the dominance of the monomolecular 
ionization (Eq. 3.29) has been made for [A] « 5 x 14h = M, 
a concentration above which the PABA oxidation was not 
studied. The polynuclear equilibria become significant 
only at higher concentrations. The hydrogen dibenzoate 
(benzoate - benzoic acid) ion has been shown to exist in 
aqueous solution at concentrations of benzoate above 0.1M 
(Kolthore and) Bosch, 1932a)." Although if is ditficult ‘to 
determine the effect of hydrophobic association, some 
hydrophobic interaction has been proposed for butyric acid 
in aqueous solution (Nash and Monk, 1957). However, the 
trends for the various dissociation equilibria are in the 
order of that expected for ion-ion, ion-dipole and dipole- 
dipole interactions; that is, Kay > Ky 5 > Ki 5 > Ky which 


suggests that the dimer prefers the extended form of Eq. 


3.30. The system is further complicated by the presence of 
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the acetic acid-acetate buffer. At [Acetate] = 0.7 M the 
amount of the acid-acetate dimer is reported to be about 10%. 
Kolthoff and Bosch (1932b) have determined an 


activity coefficient of 1.00 (within a 2% error) for 2.66 x 


2 


10 “ M benzoic acid in a 0.09 M KNO, aqueous solution. The 


3 
dissociation constant as defined by Eq. 3.30 at 2 x ithe) M 


127 1.6 Mc If at least 90% of the aromatic acid 
2 


were associated at 2 x 10 ~ M and pH = 5.0, as it must be 


acid was K 


if we are to interpret the results by this mechanism, then, 
[HA,] = 9 x 10°? M, [A] ~ [HA] = 107° M ana i pate oe 
The experimentally determined value for Kio is much too 
large for any significant amount of the dimer to be present 
Beds ox 107M. Furthermore, the ultraviolet spectrum of 
PABA has been studied over the pH range 1.1 - 11.5 in 

2: ax Ons M aqueous solution (Rekker and Nauta, 1956 ). 

The interpretation involves only monomolecular dissociatons 
of the type in Eq. 3.29. Therefore, it would appear un- 
likely that association of the acid in these dilute aqueous 


solutions is significant. One may conclude that the mech- 


anism: 
HRP-II + 2PABA ——~> (3.55) 


although kinetically indistinguishible from a reaction of 
the proposed HRP-II complex with substrate (Eq. 3.18), is 


not a viable alternative explanation. 
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Spectrophotometrtc Evidence for an Enzyme-Substrate 
Interaction: 

Conceivably, the formation of an enzyme-substrate 
complex, implied in Eq. 3.18, could result in an observable 
spectral change if there were a large enough difference in 
the molar absorptivities of HRP-II and HRP-II-PABA. Because 
of the transient nature of HRP-II in the presence of PABA, 
the amplitude of the stopped-flow trace resulting from 
HRP-II reduction is the most convenient parameter to monitor 
such a spectral change. To determine whether the change in 
molar absorptivity upon HRP-II reduction was sensitive to 
the enzyme-substrate interaction, a preliminary set of 
experiments was performed. The amplitude at low PABA con- 
centration at pH = 5.01, acetate buffer ([PABA] = Nome M) 
was observed (AV = 5.2 volts) at 425 nm. The syringe con- 
taining the PABA solution was quickly replaced with PABA 
ate 5¢x 1077 M, the stopped-flow flushed, and the amplitude 
again noted (AV = 4.9.volts). Under these conditions at 
time zero for each experiment there will be about 503% of 
the total HRP-II present as a complex. In the instrument 
dead-time (~7 ms) < 20% of the reactive intermediates will 
have decayed. Similar results at 420 nm and 430 nm also 
indicated no significant change in the amplitude. Apparently, 
any complex formed does not affect the change in molar ab- 
sorptivity enough to be experimentally observable. This is 


in contrast to the results obtained for p-cresol where the 
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3 


amplitude for HRP-II reduction at 10 ~ M p-cresol and 426 


nm (pH = 9.84) was reported to be about 20% of its value at 
vor (Critchlow and Dunford, 1972a). 

Since any spectral change upon HRP-II-PABA complex 
formation was, apparently, too small to be detected by 
monitoring the amplitude of the stopped-flow signal, it 
seemed reasonable to investigate the native enzyme for small 
spectral changes indicative of enzyme-substrate interaction. 
Difference spectroscopy has been used previously to define 
quantitatively spectral changes of < 3% in terms of the 
binding of p-cresol (Critchlow and Dunford, 1972b). A 
Similar approach has been used to study the effect of pH on 
spectra of HRP (Theorell and Paul, 1944) and turnip perox- 
idase (Ricard et al., 1972). A preliminary investigation 
showed that small spectral changes in the Soret region were 
dependent upon PABA concentration. A typical difference 
spectrum is shown in Fig. 3.12 at pH = 5.0 in acetate buffer. 
A recently published dissociation constant for the binding 
of aniline to HRP determined by difference spectroscopy 
(Critchlow and Dunford, 1972b) as well as the small spectral 
changes resulting from the interaction of HRP ten organic 
acids (Ricard et al., 1968; Gasper et al., 1972) indicated 
that both functional groups of PABA may be involved. To 
further complicate the system, acetate buffers have been 
shown to cause small spectral changes in the Soret region 


(Horne, 1967). As a result, it was decided to investigate 
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Fig. 3.12: The difference spectrum of the native enzyme 


8 


in the presence of 7.5 x 10 ~ M PABA relative to HRP. 


Enzyme concentration in both sample and reference was 


5 


1.6 x 10 > M in acetate buffer (contribution to the total 


Joric strength 15..51)x« 10a} pH r= 5.0% 
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acetate buffer, aniline, benzoic acid and PABA at pH = 5.0. 
First, consider the binding of any substrate § 


to the native enzyme assuming a 1:1 stoichiometry: 
Ke 
HRP-S == HRP +S (3.34) 


where K, is the dissociation constant for the complex. The 
total concentration of native HRP originally added to the 
cuvette, [HRP] ., will be distributed between the free native 


enzyme form HRP and its complex HRP-S: 


[HRP] , = [HRP] + [HRP-S] (335) 
Therefore: 
[HRP ] 
(HRE]. =) eee (3.36) 
1+ [S]/K, 


Since no substrate is added to the reference cuvette the 


absorbance Ar will be: 


A, = Epp [HRP], (337) 


where CuRP is the molar absorptivity of the enzyme. For 
the sample cuvette the absorbance A. will be the sum of the 


absorbances of the two species present 


ya EF pp [HRP] + € [HRP-S] (Sio5) 


S) HRP-S 


where CuRP-S is the molar absorptivity of the complex. 


Expressing [HRP-S] in terms of [HRP] and substituting the 
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the value of [HRP] from Eq. 3.36 one obtains: 


[HRP] , 


A. = (e (3..39)) 


S uRP + yRp-g!S1/Kz) 


1 + [S]/K, 


Therefore, the difference in absorbance upon addition of 
the substrate to the sample cuvette may be expressed as: 


(e =—e ). [HRP]. [S]/K 
AR SUA Ace 2 ERE RP WO OS (3.40) 


aes: [S]/K, 


Tf AA, is defined as the absorbance difference observed at 
infinitely high [S] where all the enzyme is present as the 


complex (THRP] , = [HRP-S]) then: 


AA, IS] /K, 
and AA = we (3.42) 
1 + [S]/K, 

The effect of the acetate buffer upon the Soret 
spectrum of the native enzyme was investigated initially 
at pH = 5.0. For these studies the total ionic strength 
was maintained at 0.11 by adjusting the concentration of 
KNO, in solution. In the reference cuvette the buffer 
contributed 4.5 x 10° to the total ionic strength. The 
difference spectrum was obtained as a function of buffer 


concentration by varying the acetate buffer's contribution 


to the total ionic strength in the sample cuvette from 


3 


4.5 x 10 ~ to 0.10. A typical spectrum is shown in Fig. 
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AA x10 (absorbance units ) 
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Fig. 3.13: The difference spectra of the native enzyme in 
the presence of aniline and acetic acid-acetate buffer 


relative to HRP. 
2 6 


Upper Curve: [Aniline] = 3 x 10 “M; [HRP] = 8 x 10 M; 
acetate buffer (u' = 5.5 x Tone) e pH ="5% 04 


Lower Curve: Sample consisted of acetate buffer at u' = 


0.1 and ‘reference consisted of acetate buffer at u' = 


4.5 x 10°>; total ionic strength of solutions 0.11; [HRP] = 


8 x 10° M; pH = 5-0: 
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3.13. Since the position of the base line may be subject 
to small errors arising from the presence of extraneous 
Matter either in solution or on the cuvette, the difference 
in absorbance differences between sample and reference at 
410 nm and 395 nm, AA', was used as a monitor. The simple 
model of Eq. 3.34 may be used to describe the observed 
dependence of this spectral change with increasing ionic 
strength of the buffer. The quantity AA' will obey a 
relation analogous to Eq. 3.42. Because the acetate con- 
centration will be proportional to its ionic strength 
contribution ,' at any given pH and constant total ionic 
strength of the solution without regard to the concen- 


trations) of its state of Lonization: 


AA. cu' 
AA‘ = ———. (3543) 
i ieee Ero Te 
where cy’ = [S]/K,. [S] now refers to the total acetate- 


acetic acid concentration and c is a proportionality con- 
stant. The results obtained for AA' at different ionic 
strengths for the acetate buffer are plotted in Fig. 3.14. 
The solid curve represents the nonlinear least-squares best- 
|fit to the data. From the analysis the values of the two 
parameters AA, and 1/c were calculated. The results 
together with standard deviations are tabulated in Table 
3.5.. For any given®walue of yw' the value of [S]/K, may 
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Benzoic acid was examined in acetate buffer (pH = 

5.0) for spectroscopic evidence of an enzyme-substrate 
interaction. Again, the spectral change (Fig. 3.15) was 
monitored using the difference in the absorbance difference 
at 410 nm and 395 nm. The data were analyzed by a nonlinear 
least-squares method using as a model competitive binding 
of benzoic acid and acetic acid at a single enzyme site. 
Such an assumption seemed reasonable. That the data con- 
formed to this model was shown, within the limits of ex- 
perimental error, by studying the binding of benzoic acid 
at a buffer ionic strength u' = 0.10 as well as u' = 


3 


5 x 10 ~ and obtaining similar results (see Table 3.5). 


In both cases the acid concentrations used to calculate 


the Ko were the total of its protonated and unprotonated 


forms. At a constant buffer concentration it may be shown 


that: 


AAS IBI/K, 


= (3.44) 
1 + [A]/K, + [B]/K, 


AA‘ 


in an analogous fashion to Eq. 3.42. In this equation [A] 
and [B] represent the concentrations of acetate-acetic acid 


and benzoate-benzoic acid, Ky and K, the dissociation con- 


stants of their respective complexes with the enzyme and 
AA, the absorbance difference at infinite [B] as indicated 


by the difference AA ores The results, together 


ot ec 
with the best-fit curve, are shown in Fig. 3.16. 
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Fig. 3.15: The difference spectrum of HRP in the presence 


of 7.5 x 10° M benzoic acid relative to HRP. Enzyme 


concentration in both sample and reference was 8 x Huis M 


in acetate buffer (contribution to ionic strength 5.5 x ome 


hy 


“ 


Gu ie ne © sy ‘St ts 


fi re mt ema nd 


ian, me ai - 


re 
\ 
j 
a? ‘fi 
be, oD! 
7 
wi q 
a = i 
. et , . 
wat ~ 
Ae 
’ 
o! 
; \, 
9 
= 7 


SDT SR atG oad nk 99 lied mustoegs eer edT 12h ae 
tos ciosned M “od x Be. 
: omyhng TA oth ig eviseten o of oe ie i 

u "Or & @ enw oscianeiien fire eigtse ftod mi noLgs 7 a 


WE" OL % 2:2 aapterte biod ot. siokaudts2e0 geri eansepa mt 
i a . a i ite) 
a Pe ee!) aaa ane a i 


fa ‘ae : 
we Foal , 2 P 
Si We aa 
aa ; : iat 
Se ii ' ij on PY 


im sial 
Using a similar approach, the binding of aniline 
and PABA were investigated in acetate buffer (pH = 5.0). 
From the difference spectra of Fig. 3.13 it is apparent 
that the difference AA 


ae oN although a good monitor 


410 ~ 44395" 
for the spectral change with increasing PABA concentration, 
is insensitive to changing aniline concentration. As a 
was used. The data 


result the difference AA - A 


395 ~ Ags 
were analyzed by a nonlinear least-squares method assuming 
that each substrate binds competitively with acetate at a 
Single site. The results from the analysis are plotted 

in Fig. 3.16 and tabulated in Table 3.5. Results at dif- 
ferent buffer concentrations were similar for both aniline 
and PABA indicating that competitive binding with acetate 

is a reasonable model. Using Eq. 3.43, the parameters for 
acetate buffer at pH = 4.4 were determined and the experi- 
mental procedure repeated for PABA at this pH (see Table 
3.5). Attempts to work below pH = 4 resulted in nonre- 
producibility which may be attributed to enzyme denaturation. 


At 2 x 107° 


M PABA in phosphate buffer at pH = 7.0 no 
spectral changes were observed suggesting that the dis- 
sociation constant was too large to be determined experimen- 
tally: 

With aniline, benzoic acid and acetate buffer 
present, the data is consistent with competitive binding. 


At a constant buffer concentration, an expression for the 


absorbance change AA' = AMAgio = MA395 may be derived in a 
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Fig. 3.16: Plot of the changing absorbance difference 
against the substrate concentration. The abcissa is 


Logarithmic. For benzoic acid: (0) AA‘ = \A - A 
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similar manner to Eq. 3.42 and Eq. 3.44: 


f AA [An] /K,, + AA, [BI/K, 


AA’ (3.45) 


1 + [A] /K, + [An] /K, , + [B]/K, 


where [An] is the aniline concentration without regard 
to its state of protonation and Kan is the dissociation 
constant for the HRP-aniline complex. Since AA, A! the 
absorbance change as monitored by the difference AAgji0 - 
AA396 at infinite [An], is approximately zero, Eq. 3.45 
becomes: 

AA, [B]/K, 


ree a ee Lh 
1 + [A]/K, + [An]/K,, + [B]/K, 


Using the previously determined parameters for aniline and 
benzoic acid the value of AA' may be calculated for any 


2u (pH = 


given set of concentrations. At [An] = 2 x TO 
5.0, acetate buffer) the concentration of benzoic acid was 
varied and the AA' determined from the difference spectra. 
These values are plotted against the values calculated 

from Eq. 3.46 at the same concentrations in Fig. 3.17. 

The solid line represents the expected relation if aniline 
and benzoic acid bind competitively. Within the experimen- 
tal error, deviations from Eq. 3.46 are not significant. 


Using a previously published dissociation constant 


(Critchlow and Dunford, 1972b) and a value of AAS deter- 
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> Oo 


OBSERVED AA’ x10? (absorbance units) 


2 4 6 
CALCULATED AA'x10*(absorbance units) 


Fig. 3.17: Changing absorbance difference (AA' = AA gy - 
MA 395) observed plotted against the AA' calculated from 


Eq "3546 with [Aniline] = 2 x 10“ M, [HRP] = 8 x 10°° M, 


[Benzoic acid] = 10° 2M - 2x 10° M, pH = 5.0, Acetate buffer 
(u' = 5.5 x 107°). The linear relation shown having a 45° 
slope represents the predicted relation if the experimental 


data conform to the Eq. 3.46, a criterion for competitive 


binding. 
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mined experimentally for p-cresol, the spectral change 
with increasing p-cresol concentration in the presence of 


A M PABA was observed at pH = Bi Ou) oA plot of these 


2x ahiOe 
data against the AA' calculated from an expression analogous 
to Eq. 3.45 is shown in Fig. 3.18. Again, deviations from 
the competitive binding of PABA and p-cresol, represented 
by the solid line, are not significant. 

Using an approach completely analogous to that 
used to derive Eq. 3.42, it may be shown for benzoic acid 


and aniline binding at two different sites on the enzyme 


that: 


An,B An 


1 + [A]/K, + [An]/K,, + (B]/K, + [An] [B]/K,, pKa, 


he AA, [B]/K, + AAA p [An] [B]/K K (3.47) 


Where AA, B is the limiting value of AA' at infinite 
a 


concentrations of both aniline and benzoic acid and 


Kan 5 3 [HRP-An] [B]/[B-HRP-An]. If one assumes that the 
LA 


binding of aniline or benzoic acid is not affected by the 


complex formed by the other substrate then Kan Bo K, and 
lA 
‘ 5 ! : : j 
AAan,B = AA, + AA, y° With this latter assumption, the 
values obtained for AA' at various benzoic acid concen- 


trations ([An] = 2 x 10° M, pH = 5.0, acetate buffer) 


are plotted in Fig. 3.19 against values calculated from 
Eq. 3.47 at these same concentrations. Unlike Fig. 3.17 
in which the data weretested for competitive binding, the 


model requiring two binding sites does not represent as 
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OBSERVED AA' x10? (absorbance units) 


4 12 20 
CALCULATED AA' x10? (absorbance units) 


Fig.. 3.18: The changing absorbance difference (AA' = 


- 7 ‘ 
MAn10 AA 395) plotted against the AA' calculated from a 


relation of the same form as Eq. 3.45 for [PABA] = 2 x 10. 


Saeko “ M, 


3 


M, [HRP] = 9.5 x On oni 3 [p-cresol] = 1.2 x 10. 


2). The linear relation 


pH = 5.0 Acetate (u' = 5.5 x 10. 
represents the predicted relation for competitive binding 


of PABA and p-cresol. 
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OBSERVED AA’ (absorbance units) x 102 
[Se ) 
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CALCULATED AA (absorbance units) x 102 


Fig. 3.19: The changing absorbance difference (AA' = 


AA oF) at ) observed plotted against the AA' calculated 


410 ~ 4395 
from Eq. 3.47 under the same conditions as indicated in 
Fig. 3.17. The broken line with a 45° slope represents 


the predicted relation if the experimental data conform to 


EQ.83. 47. 
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good a description of the experimental results. 
Dependence of the Kinette Parameters on pH: 
The data plotted as a function of pH in Fig. 


ae i ero} sme a the second-order rate constant for the 


3app’ 
reduction of HRP-II by PABA, shows a remarkable similarity 
to that for the HRP-II-ferrocyanide reaction. There are 
two major differences. The rates are slower by a factor 

of fifty and a small shift of the positive inflection 

(with increasing pH) in the log rate vs. pH profile to a 
lower value on the abscissa occurs upon going from ferro- 
cyanide to PABA oxidation. Apparently the same proton- 
transfer mechanisms must apply for both substrates as 
indicated by the overall similarity of the two pH-rate 
curves. The reduction of HRP-II with both PABA and ferro- 
cyanide are influenced by the same two ionizable groups 
neither of which can be readily assigned to the substrate. 
The dependence on pH of both reactions appears to be sub- 
strate independent. A consideration of transition-state 
theory and the two possible pairing schemes, already dis- 
cussed in considerable detail in Chapter 2, should result 
in similar arguments for PABA as for ferrocyanide oxidation, 
These will not be reconsidered at this point. The log 
K3app ve. PH profile was analyzed by a nonlinear least- 
squares program fitting the data to the phenomenological 


equation of Eq. 2.7 reproduced here for convenience: 
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A, (H'] (1 + [H"1/a,) 
SS pe a (3.48) 


K3app ii 
(1 + [H ]/A,) 


In a completely analogous fashion to that for the HRP-II- 
ferrocyanide reaction, one may assume a single mechanism 
to describe the log rate-pH profile over the entire range 
of pH. Assigning the two pK, values to ionizable groups 
on the enzyme, the transition-state approach leads to an 
expression for Rapp simpiersatoukq, 2259 

. ee ote 
k3(1 + [H ]/K) tH i] /Kj}K5) 


app (3.49) 


(1 + (HT1/K, + [H"]°/K,K,) 
where k3 is a pH independent rate constant at high pH, xt 
and xi are transition-state acid dissociation constants 
having values of px? = 5.7 and pxt > 10 “and Ky and Kor the 
ground state acid dissociation constants having values 
pK, < 2 and PK, = 8.6. When the terms making a negligible 
contribution to the observed pH dependence are neglected, 
eq. 3.49 becomes: 


KS CHI /xt Gre pat) /xT) 
. LS ee Se ae (3.50) 


3app i 
(1 + [H 1/K,) 


Eq. 3.48 and Eq. 3.50 are of the same form which allows the 
identification of the parameters estimated from the non- 


linear analysis with acid dissociation constants. The non- 
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linear correlation is shown in Fig. 3.11 and the results 
are tabulated in Table 3.6. 

For the HRP-II reduction by PABA, the rates are 
insensitive to the protonation of the carboxyl or amino 
group on the substrate. Because protonation of the carboxyl 
anion will result in a stronger withdrawalof electrons 
reducing the electron density at the amino nitrogen, electron 
transfer would be expected to be more difficult and the in- 
fluence of the substrate PK. should appear in the pH profile. 
Such a result has been observed for protonation of the p- 
cresolate anion (Critchlow and Dunford, 1972a). Protonation 
of the amino group should also influence electron transfer 
but, again, no inflection in the appropriate region of the 
pH-rate profile is observable. One explanation of these 
results may be that all three forms of the substrate react 
with HRP-II at the same rate because of the fortuitous can- 
cellation of all factors affecting the rate. This must be 
regarded as unlikely. A second possible explanation may be 
that the protonated form of the enzyme as it exists at 
pH < 2 reacts with PABA by way of a diffusion-controlled 
process. In such a case a reaction will occur whenever 
this protonated form of the enzyme encounters a molecule of 
PABA having the correct orientation for reaction no matter 
what its state of ionization. Although the various proton- 
ated forms of PABA may have the potential to react at dif- 


ferent rates with the enzyme, the diffusion-controlled limit 
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essentially levels all rates to a single value. Probably, 
this approach offers the simplest explanation. 

Therefore, the reaction is influenced only by two 
ionizable groups on the enzyme. One of these groups may 
be a hydroxyl group located at the iron's sixth coordination 
position. Protonation of this species will greatly enhance 
its ability to function as a leaving group. The protonated 
hydroxyl group need not physically leave the active site 
when the reduction of HRP-II occurs but simply may revert 
electronically to a neutral water molecule weakly associated 
at the iron's sixth position. With this group protonated, 
the active site is potentially capable of reacting with the 
reducing substrate at every encounter. Hence, it is not 
unreasonable to assign K, to this hydroxyl group. The 
second ionizable group may influence the electronic con- 
figuration of the heme in the alkaline region of pH because 
of a change in its state of protonation. On the other hand, 
because of its possible strategic location (in close prox- 
imity to the hydroxyl group), it may be capable of proton- 
ating the hydroxyl species by intramolecular transfer of a 
proton (Fig. 2.7). If this latter situation were the case, 
then, the reduction of HRP-II should be influenced by 
protonation of this hydroxyl group over the entire range 
of pH. Since reaction with HRP-II containing the protonated 
hydroxyl group is diffusion-controlled, reduction should be 


insensitive to substrate ionizable groups at both acid and 
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alkaline pH values. However, the substrate PK, for p-cresol 
oxidation has a value > 10. If one accepts the fact that 
a similar proton transfer mechanism likely governs phenol 
and aromatic amine oxidation, this piece of evidence, 
together with the insensitivity to the substrate PK. values 
at pH < 6, favours the mechanism involving two ionizable 
groups each independently affecting the heme's electronic 
environment. The protonated form of the species having 
PK < 2 reacts at the diffusion-controlled rate with the 
substrate whereas the protonated form of the group having a 
pK, = 8.6 does not. The two ionizations may be thought of 
as influencing the reaction independently rather than one 
group assisting protonation of the other in the alkaline 
region of pH. This mechanism has been discussed in Chapter 
2 and the resulting log rate -pH profile shown schematically 
A gd ps We eA oe 

In the oxidation of PABA, it is conceivable that 
electron transfer may occur at the carboxyl rather than the 
amino group. Protonation of the carboxyl group increases 
the electron density at the oxygen. The peroxidatic reac- 
tivity of phenols is greatly enhanced by protonating the 
phenolic anion, as has been shown for p-cresol (Critchlow 
and Dunford, 1972a). These considerations might suggest 
that the reaction of PABA with HRP-II may occur by way of 
an electron transfer from the protonated carboxyl oxygen 


rather than from the aromatic amine. Since the reaction is 
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diffusion-controlled, the kinetic data cannot yield any 
information about the center at which electron transfer 
occurs nor about its state of protonation. More will be 
said of this later in connection with the HRP-I reaction. 
If the log rate-pH relation is considered to 
result from two ionizations independently influencing the 
reaction, the pH dependent second-order rate constant may 
be expressed as the sum of two independent rate constants 
each influenced by a single ionizable group: 
k"(1 + [H*} /xT) kS(1 + [Ht] /x}) 


k eo dee ae eS a a ee ae ee (3251) 
3app (1 + [H"1/K,) (1 + [H"]/K,) 


where k4 and k3 are pH independent rate constants at high 
pH for reactions influenced by the ground state acid dis- 
sociation constants K, and Ky respectively. This transition-— 
state approach adheres to the convention established earlier 
in this thesis. That is, the pH independent rate constants 
are arbitrarily taken as the limiting values at high pH. 

One could have defined the pH independent constants as 


limiting values at low pH (k, 1 and k3 )> The resulting 
, , 


equation would then be: 
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K3.2 Ke 


k as DEERE Se SR A a ee (35.53) 
Sepp (1 & K,/ THAD) (1 + K,/[H']) 


This is tantamount to saying that the transition state acid 
dissociations are not observed; therefore, they need not 
be considered in order to define the pH-log rate profile. 
However, in order to show that the phenomeno- 
logical equation used to describe the data will differ only 
in the interpretation of the parameters A, and A, (Eq. 3.48), 
let us return to the original expression of Eq. 3.51. Over 
the observable pH range [H"1/K, << 1, (ata xt >> 1 and 


[H"]/K, >> 1; therefore, upon rearrangement Eq. 3.51 


becomes : 
: (k4/K1] a K3/KS) (HT) (1 oS [HT] /(k3/k4 (KTK, /K3) + K5) 
aase (1 + [H"I/K,) 


(3.54) 
Thus, the original transition-state dissociation constant 


KI identified with A, now no longer has any simple sig- 


2 
nificance in terms of transition-state theory but the non- 
linear least-squares analysis of the data remains unchanged 
regardless of mechanistic considerations. 


The pH dependence of k the second-order rate 


4app’ 
constant for the HRP-II-PABA complex reacting with PABA, is 
shown in Fig. 3.20 with tabulated results in Table 3.6. 


The solid line is the best-fit to the data using Eq. 3.48 
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Fig, o.2u:  cemi logarithmic ‘plot ot Kk for the HRP-II 


4app 
complex reacting with a second molecule of PABA against 
pH. The linear relation was determined from a nonlinear 
least-squares fit to Eq. 3.48 using parameters of Table 


3.6. The error bars represent the standard deviation for 


k estimated from the statistical analysis. 
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and the parameters of Table 3.6 determined for k The 


3app" 


results suggest a similar pH dependence for ik and Kgapp 


3app 
over the pH range where Kaapp could be conveniently inves- 
tigated. This implies that the proton-transfer mechanisms 
for the complexed and uncomplexed forms of HRP-II reacting 
with PABA are the same. 

The pH dependence of the second-order rate cons- 


stant, for HRP-I reduction with PABA is shown in 


Kapp’ 
Fig. 3.11. The solid curve represents the best-fit from a 
nonlinear least-squares analysis of the data. Again, the 
Similarity of the HRP-I reaction with PABA and ferrocyanide 
is evident. This similarity between the two pH curves would 
suggest that one of the ground state pK_'s for the HRP-I 
reduction by PABA should be assigned to an ionizable group 
on the enzyme (pK, = 5.1). This is completely analogous 
to the HRP-I-ferrocyanide reaction. The other PK, may be 
assigned to the amino group on the substrate (pK, 2 is 

It would be difficult to rationalize the assign- 
ment of the PK, of 5.1 to the substrate's carboxyl group 
if one assumes that the amino group is the only site for 
electron transfer. The ground state dissociation constant, 
PK, = 5.1, has a value very close to that determined spect- 
rophotometrically for the carboxyl group of PABA. However, 
protonation of this group should reduce the electron density 
at the aromatic amine's nitrogen, which should retard the 


reaction. If the pK, of 5.1 were assigned to the substrate, 
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then, the protonated form must react at a faster rate than 
the anion. This result may be expected only if protonation 
of the carboxyl group enhances its ability to function as a 
site for electron transfer. There appears to be very little 
evidence to support this hypothesis. The literature cont 
tains no reports of aromatic acids acting as reducing sub- 
strates in the peroxidatic reaction with HRP, whereas the 
oxidation of aromatic amines is well established (Saunders 
et al., 1964). The HRP catalyzed oxidations of p-nitro- 
aniline, p-aminoacetophenone, and benzoic acid at pH = 7 
are very slow (k spp < 10) if, indeed, there is any reaction 
at all (Saunders et al., 1964). No significant reaction 
was observed for benzoic acid (acetate buffer, pH = 3.8). 
At benzoic acid concentrations of 5 x itt M and at an 
enzyme concentration of 8 x eee M the spontaneous decay 

of HRP-II was observed. The absence of an observable 
reaction with benzoic acid does not necessarily mean that 
PABA,with its electron donating amino group, does not react 
by way of a protonated carboxyl group. But, a decrease of 
four orders of magnitude upon going from the unsubstituted 
to the para-amino-substituted aromatic acid (PABA at pH = 
3.8 has .a rate constant for oxidation by HRP-I and HRP-II 
of 2.5 x 104m! s7+) is rather difficult to explain. 
Studies of HRP-I reduction by iodide, sulfite, and ferro- 


cyanide all exhibit a ground-state pK, near this value 


which suggests that it is substrate independent. Therefore, 
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existing evidence favours the assignment of the PK, OES cu 
to the enzyme rather than substrate. The schematic diagram 
of Fig. 3.21 shows a pairing mechanism in which the ground- 
state acid dissociation constant on the enzyme, K3, is paired 
with the transition-state dissociation constant a The 
ground-state acid dissociation appearing at pH = 2.7 has 
been assigned to a substrate acid dissociation Ky: This 
ground-state dissociation constant has been paired with 
the transition-state acid dissociation x,t At pivecree « 
Using transition-state theory, the general form of Eq. 2.8 
becomes: 

kS(1 + (HY /K 7 + cH)? 7K, 7,7) 


k Sh Eo ee (3255) 
ag (1+ (H1/K,)(1 + [1 /Ky) 


where k, is the pH independent rate constant observed at 
high pH. Since the third term in the numerator is always 
much less than one over the pH range of the study, Eq. 3.55, 
which describes the pH dependence of Bade can be written in 


the form 


ks (1 + (H1/K,7) 
k ie eee Sere ee (3.56) 
OPP (lige oe /n (een 


The parameters obtained by fitting the observed kinetic data 
to Eq. 3.56 by the method of least-squares are given in 


Table 3.7. The ionization at pK, = 2.7 has been assigned 
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LOG kapp 


Big. oo.) Plot) of logek vs. pH for PABA oxidation 


2app 
shown schematically. The solid line represents the ex- 


perimental curve, whereas the broken line represents the 
unobservable hypothetical curve at pH < 2. The pairing 


mechanism consistent with Fig. 2.9 is shown. 
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Table 3.7: Parameters* obtained from a nonlinear least- 
squares analysis for the HRP-I reduction by 


PABA using Eq. 3.55 for the fit. 
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4errors estimated from the standard deviations of the fit. 
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to the substrate's amino group. No ionization in this 
region has been observed for either the iodide or sulphite 
reactions. Protonation of the amino group would be expected 
to retard the reaction since it blocks the electron pair. 
The proposed mechanism for the HRP-I reduction with PABA 

is then, a simple extension of the ferrocyanide reaction 
with the influence of a substrate protonation appearing at 
low pH. This would seem to be a reasonable conclusion 
considering the similarity of the HRP-II reduction with the 
two substrates, PABA and ferrocyanide. 

The values for Ksapp’ the rate constant for the 
HRP-I-PABA complex reacting with PABA, are tabulated in 
Table 3.4. There were not sufficient data to allow an 
accurate nonlinear least-squares estimate of the two para- 
meters K, and K, controlling the pH dependence of the rates. 
However, the trend is similar to that for Ko app* 

Fig. 3.11 summarizes the results obtained for 
the dissociation constant Ky as a fLunction tof spH.As ‘The 
analysis of data obtained for reaction rates measured at 
the same pH for both HRP-I and HRP-II reduction produced 
dissociation constants which were, within experimental 
error, the same. Because of the fast rates which must be 
measured for the HRP-II reaction in order to investigate 
conditions of significant binding, the Ky values become 


less well defined at low pH as the reaction rates increase. 


Below pH = 2.4, reaction rates could not be measured at 
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sufficiently high substrate concentration to allow reliable 


estimation of Ky for the HRP-II-PABA complex. In the HRP-I 
reaction, the traces for the much slower rates become dis- 
torted because of enzyme denaturation at pH < 3. The large 
error bars of Fig. 3.11, representing the standard deviation 
from the nonlinear analysis of the rate vs. [PABA] cor- 
relations, are a manifestation of these two problems. At 


pH > 5, the large values of K,, required concentrations of 


M 
PABA above 5 x Tome M. As mentioned previously, above this 
concentration, substrate interaction may become significant 
and the kinetics difficult to interpret. 

The effect of pH on Michaelis constants has been 
discussed in detail by Dixon and Webb (1964). The trend 
toward a pH independent maximum at low pH appeared to jus- 
tify the analysis of the data in terms of a single ionizable 
group on either the enzyme or substrate. Because of the 
unit positive change in slope with decreasing pH, Dixon's 
(1953) rules eliminate the possibility of this inflection 
being assigned to an ionization on the complex. Since the 
ionizable group has a pK. very close to that expected for 
‘the amino group of PABA, it has been tentatively assigned 
to the substrate. It may be shown that the pH dependent 
dissociation constant, K,,, defined by the total concen- 


trations of all protonated forms of enzyme [E] ,» substrate 


[S], and complex [ES] .: 
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[E]) [S] 
Ky = oe (3.57) 
[ES] , 


May be expressed in terms of a pH independent constant, 
Ke 
forms of the substrate which affect the reaction: 


defined by the concentrations of the particular ionic 


[E] [8] 
K! = ——— (3.58) 
[ES], 
Since the state of protonation of E and ES, in this case, 
do not affect the rates, they may be ignored. The concen- 
tration term [S] may be defined as the concentration of 
the protonated amino species, in which case Ku becomes the 
pH independent constant at pH < 2. Then Ky and Ku are re- 
lated by the Michaelis pH function for the two protonated 


forms of the PABA amino group: 


“ oP 
Ky = Ky (4 ot K ,/(H )) (3.559) 


where K, is the dissociation constant for the substrate. 


TH205) 


Therefore: 1/Ky = 1/Ky arse ee ) (3.60) 
[H ] + Ky, 

A nonlinear least-squares analysis resulted in the best- 

fit curve to this equation in Fig. 3.11. The values of the 

two variable parameters of this fit, 1/Ky, and Ky are tab- 

ulated in Table 3.8. 


The dependence of K,, on pH, therefore, indicates 
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Table 3.8: Parameters® obtained from a nonlinear least- 


squares analysis of the 1/Ky fatted to vig. 3.59 
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the preferential binding of the completely protonated form 
of the substrate's amino group to a electronegative site on 
the enzyme. This site, apparently, remains unchanged upon 
reduction of HRP-I to HRP-II. Any conformational or elec- 
tronic change occurring in the HRP-I reduction has little 
effect upon complex formation. No spectral change was 
observed which could account for a complex with HRP-II. If 
the magnitude of this spectral change were similar to that 
observed for the native enzyme it would not be detected by 
monitoring the amplitude of the stopped-flow trace. This 
lends credence to the possible explanation that PABA binds 
near the active site, either on the porphyrin ring or 
adjacent protein structure. Complex formation then hinders 
the reaction sterically or changes the electronic nature of 
the conjugated iron-porphyrin electron-transfer system. 
Negatively charged species such as ferrocyanide would not 
associate readily with a basic enzyme site and no complexing 
would be observed. Although p-cresol may bind to the same 
site as PABA, the complex formed must be intrinsically dif- 
ferent as manifested in the large spectral change upon 
binding of p-cresol to HRP-II and the much greater inhibitory 
effect that complex formation has on the enzyme's activity 
(Critchlow and Dunford, 1972a). 
The Steady-State Reactton: 

Although observation of the steady-state reaction 


is potentially a source of considerable information, PABA 
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oxidation forms a variety of oxidation products (following 
formation of the initial free radical) which absorb in the 
UV and visible spectral region. A preliminary investigation 
in which the initial PABA concentration, [PABA] |, was varied 
and the initial H,0, concentration, [H,0,1], was held con- 
stant, demonstrated that the absorbance change was not a 
simple function of [PABA] .. In the study of the reaction 
with H,0, at a much lower concentration than PABA, it was 
observed that termination of the reaction results from 
depletion of the oxidizing agent. Therefore, at constant 
[H,05]., the total absorbance change, that is, the amplitude 
of the trace, should always be independent of [PABA] |. 
However a 7% decrease in the total absorbance change was 
observed faz a three-fold change in [PABA] , which indicated 
that this was not the case. Doubling the [H,05], should 
result in an increase in the total absorbance change by a 
factor of two. Adding equal increments of H,0. to a system 
containing an excess of PABA, allowing the reaction to 
consume all the oxidizing agent, then scanning through the 
UV and visible regions in order to find an area of the 
spectrum in which the absorbance change was proportional 

to the [H,0,],, located two potentially useful areas at 

440 nm and 320 nm. The absorbance change in the region of 
440 nm was too small to provide a good monitor for the 


reaction. The absorbance change observed at 320 nm was 


due to absorption by one of the products. The steady-state 
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kinetic results at 320 nm were the same as obtained at 265 
nm but the reduced intensity of this peak allowed one to 
work at much higher substrate concentrations. Over a five- 
fold range of [PABA] , and constant [H,0,]), the latter 
being present at concentrations much less than the reducing 
Substrate concentration, the total absorbance change was 
not independent of [PABA] .. The results of a study of the 
steady-state reaction under such conditions would be dif- 
ficult to interpret unambiguously. It was therefore decided 
that this approach was untenable. 
3.4 Discussion 

The kinetic scheme, summarized in Eq. 3.18 
and Eq. 3.25,may be a result of productive or unproductive 
complex formation. That is, the PABA molecule binding to 
the HRP intermediate compound may remain complexed upon 
reduction, in which case it does not partake in the electron- 
transfer process but only partially inhibits the reaction. 
Such behaviour would be described as unproductive. On the 
other hand, the molecule bound to the enzyme may be integ- 
rally involved in the electron-transfer process; hence, it 
may be converted to oxidized product. Then the complex 
would be productive requiring the second PABA molecule only 
to trigger substrate oxidation. These two possible situ- 
ations are kinetically indistinguishible. 

This kinetic ambiguity has been discussed in 


detail for the oxidation of p-cresol by HRP-II (Critchlow 
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and Dunford, 1972a). Because the dissociation constant for 
the HRP-II-p-cresol complex and the second-order rate con- 
stant for p-cresol oxidation do not depend on a common 
ionizing group, these authors have argued that the complex 
is unproductive. Such an argument cannot be applied to 
PABA oxidation. The PK, offzys for the conplex formation 
is probably related to the pK of 2.7 for HRP-I reduction 

by PABA. The presence of a common ionizable group may 
argue in favour of productive binding only if it can be 
assigned to the enzyme and not to the substrate. However, 
other available evidence implies an unproductive complex. 

A small spectral change upon complex formation, similar 

Ky values for all three enzymatic forms, similar pH profiles 
for the reduction of the complexed and uncomplexed HRP 
intermediates and the two pieces of evidence discussed 
earlier, all indicate that PABA does not bind to the iron's 
sixth coordination position. The complex is unproductive 
in the sense that it does not promote the peroxidatic 
activity, but whether the complexed or uncomplexed molecule 
of PABA that participatesin the HRP-I and HRP-II reactions 
is oxidized cannot be determined unequivocally. 

An adequate explanation is desirable for the in- 
sensitivity of PABA oxidation by HRP-II to the substrate's 
ionizable groups. It is difficult to argue that the avail- 
ability of electrons at the amine's nitrogen atom does not 


affect the reaction rates. The second-order rate constant 
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for HRP-II reduction with aniline has been reported as 

/4 X 107m 1,7 at pH = 7.0 (see Chapter 1). No reaction has 
been observed for the para-substituted anilines containing 
strong electron-withdrawing groups such as the acetyl or 
nitro group (Saunders et al., 1964). If electron density 
does not explain the disparity in the overall reaction 
rates, then, oxidation must proceed through a mechanism 
unique to each substituted aromatic amine. Contrary to 
this point of view, such structurally different substrates 
as PABA and ferrocyanide appear to have similar proton- 
transfer mechanisms. At pH > 7 p-cresol oxidation with 
HRP-II also exhibits the same pH dependent response. 

A diffusion-controlled rate for PABA at pH < 6 
adequately explains the lack of sensitivity to the ion- 
izable groups of PABA. Protonation of these groups does 
alter the electron availability in the transition state to 
which the oxidation mechanism must be sensitive. However, 
because the completely protonated form of the substrate 
reacts at every encounter with the active site of HRP-II, 
the potentially faster rates of the other two protonated 
forms of PABA are not observed. These latter two forms 
cannot react any faster than the diffusion-controlled rate. 

The fifty-fold difference between the PABA and 
ferrocyanide rates of oxidation by HRP-II at pH < 6 may be 
explained in terms of a larger diffusion-controlled rate 


constant for the ferrocyanide reaction. Two primary factors 
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may be involved. In the first case, the effect of the 
electrostatic interactions between the two reactants must 
be considered. A theoretical interpretation using equations 
of Debye (Alberty and Hammes, 1958) suggests that the min- 
imum allowable diffusion-controlled rate involving a 
positive center (HRP-II) and a highly negatively charged 
species, such as ferrocyanide, will be faster than for a 
less negatively charged species such as PABA. The dif- 
ference in rates may be as large as an order of magnitude 
(tiem ou) depending upon the effective charge on the 
reactants. As the ionic strength increases, the difference 
in these theoretically permissible values decreases. At 
ionic strengths comparable to those at which the HRP-II 
reductions were investigated, the difference in rates pre- 
dicted likely will be less than an order of magnitude if 
one assumes that the product of the charges on the reactants 
is about 8. The second factor deals with the role of orien- 
tation constraints on a bimolecular diffusion-controlled 
rate constant (Schmitz and Schurr, 1972). Using as a model 
for the reaction a mobile orientable sphere (the substrate) 
and a localized stationary site on a plane (active site), 

it was demonstrated, at least qualitatively, that modest 
angular constraints placed on the access of substrate to 
the active site.can-produce. a large reduction in the dif- 
fusion-controlled rate. It is not unreasonable to expect 


that the symmetrical ferrocyanide anion with six possible 
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Sites for electron transfer will have a rate of encounters 
with suitable orientation for reaction which is at least 
an order of magnitude faster than the rate of effective 
encounters of the somewhat planar PABA molecule with its 
Single nitrogen group. 

The primary difference between the two inter- 
mediate compounds, HRP-I and HRP-II, appears to be the 
storage of an additional oxidizing equivalent in the former 
case. This may be described in terms of two possible 
structures for HRP-I. The system may be electron deficient 
in the conjugated tm system of the porphyrin ring which 
gives rise to a stable porphyrin free radical (Dolphin et 
Qin LS71-tFelton"et @y-972). Recently, some doubt has 
been expressed concerning a free radical in the porphyrin 
ring because a spectrum resembling HRP-1I), ‘apparently, has 
never been generated for any model system having d-orbitals 
in the iron atom correctly oriented to accept an electron 
from the tm-ring (R.J.P. Williams, private communication to 
H.B. Dunford). This may suggest that the unpaired electron 
is stored on an adjacent amino acid residue as has been 
described for compound I of cytochrome c peroxidase (Yonetani, 
1970). Whichever may be the case, the large shift in the 
Soret spectral region upon formation and reduction of HRP-I 
indicates that the electron-transfer processes must in- 
fluence the electronic configuration of the heme. Any heme- 


linked ionization, potentially, must be capable of affecting 
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the kinetics of the electron-transfer process involved in 
HRP=Tand HRP=IT “reduction © Since ®it)is *highly probable 
that the same ionizable groups are present at the active 
site of both intermediates, some correlation may exist 
between the proton-transfer mechanisms affecting their 
reduction. 

As mentioned previously, it has been established 
that oxygen is incorporated into compound I (Hager et al., 
1972); Schonbaum and Lo, 1972). Apparently, this alters 
the nature of the iron's sixth co-ordination position. It 
is no longer accessible to cyanide (see Chapter 4). This 
condition appears not to have changed in HRP-II. Since the 
Sixth position binds cyanide in the native enzyme, the 
evidence would suggest that protonation of the oxygen- 
containing ligand at the sixth position in HRP-II (most 
likely a hydroxyl group) may enhance the ability of this 
species to function as a leaving group but not in HRP-I. This 
is not very different from many nucleophilic substitution 
reactions which are sensitive to protonation of the hydroxyl 
group. In the native HRP, protonation of this hydroxyl 
group has a PK, Off 1d. OMatvtantaonterstrength ocfroOellA (Ellis, 
}1968). This group (OH) becomes more acid in HRP-II (pK. 

I< 2). With increasing positive charge in HRP-I, this group 


may be so acidic that no significant protonation occurs in 


ithe observable range of pH. Therefore, the unprotonated 


hydroxyl group remains at the active site upon HRP-I re- 
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duction, and the influence of its protonated form on the 
reaction rates is not significant at pH > 2. The other 
group, having a PK, of 8.6 in HRP-II which is shifted ‘to.\.a 
lower value (pK, = 5.1) with the increased positive charge 
in HRP-I, is the only ionization observed to influence both 
HRP-I and HRP-II reduction by PABA and ferrocyanide. 

Therefore, the mechanism for the HRP-I reaction 
with PABA or ferrocyanide may be identified with that for 
HRP-II reduction at pH > 6. Neither reaction is diffusion- 
controlled. The HRP-I reduction by PABA is very sensitive 
to protonation of the amino group. One would expect to see 
the kinetic influence of the substrate's pK, ~ 4.8 (carboxyl 
group); however, this is not observed. One explanation may 
be that the rates are not very sensitive to this ionization. 
If the kinetic influence of the other group on the enzyme 
(pK, = 5.1) were dominant, the effect of the substrate 
PK. would not be detected. The apparent shift of the pK, 
of the amino group to a higher value, when one compares 
the value obtained from the HRP-II-PABA log rate-pH profile 
to that obtained from equilibrium studies on the free sub- 
strate, may reflect a small influence of the carboxyl 
group's ionization. 

A simple explanation for the HRP-I reaction 
studied with four reducing agents now emerges. For each 
of these substrates, namely, PABA, ferrocyanide, iodide 


and sulfite, HRP-I reduction is influenced by an ionizable 
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group having a PK, value of 5.1. If the pairing schemes 
Of Fig. §2-29tand tFirg.. +3 $21 “(showing “a PK paired with a 
pkt such that pK. < pkt) apply for each reducing substrate, 
then, the differences in the log rate-pH profiles may be 
rationalized in terms of the reaction's sensitivity to 
protonation of this group. The difference pxt - PK. ts. a 
measure of this sensitivity. The oxidation of iodide by 
HRP-I has a pxt > 9. It 1S more sensitive to protonation 
of this group (pK, ~ 5.1) than is ferrocyanide with a pxt 
of 6.6 which, in turn, is more sensitive to protonation 
than PABA with a pKt Of 5.9. 

This tentative proposal is a further attempt to 
organize the available information concerning HRP-catalyzed 
oxidations and develop a basis for future experimental 
work. In many respects, it offers a simpler explanation 
than the mechanism for HRP-II reduction proposed earlier 
(Critchlow and Dunford, 1972b). Such a modification allows 
the mechanism for HRP-I reduction, as manifested in the pH 
dependent rates, to be incorporated readily into the over- 
all picture without substantially changing earlier mech- 
anistic considerations or proposing two different mechanisms 
for the HRP-I and HRP-II reactions. This mechanistic point 
of view has the unique ability of explaining the influence 
of a substrate ionization in the pH profile for p-cresol 
and the absence of influence of the two expected substrate 


ionizations for PABA in HRP-II reduction. 
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CHAPTER 4 
THE KINETIC EFFECT OF CYANIDE INHIBITION ON THE 
STEADY-STATE PEROXIDATION CATALYZED BY 
HORSERADISH PEROXIDASE 
ae Lit roductdon 
The following oxidation-reduction cycle of HRP 


is well established (George, 1952, 1953; Chance, 1952); 


: 
HRP + H,0) —=+ HRP-1 (4.1) 
ae a> 
HRP-I + Fe(CN)¢° ——**HRP-II + Fe(CN)? (4.2) 
wan “a ey 
HRP-II + Fe (CN) ¢ ———> HRP + Fe (CN) ¢ (4.3) 


The reactions in Eq. 4.2 and Eq. 4.3 have been 
studied intensively as a function of pH as is evident from 
the material of Chapter 2. As well, cyanide is known to 
bind tightly to the heme iron of native HRP and the kinetics 
of both its binding and dissociation reactions have been 
studied (Ellis and Dunford, 1968). However, if the sixth 
co-ordination position of the iron is occupied by some 
other ligand in the enzyme's intermediate compounds, the 
cyanide should have restricted access to this site. There- 
fore, to further elucidate the nature of the active site 
and to provide evidence as to whether p-cresol, PABA and 
other substrates, which may alter the enzyme's activity, 


bind to this site, a study of cyanide binding to HRP-I 


aH? KO MOITISINUT, BOLKAYD SO Tom 


TAR te wines dis sige ana prerreny 
. (8ERL. aor ,eees WAGE i enn eins 


7 F bane “uth 

. : il) 
(fe hw ila ramen os 908 
op ital ‘a f : 


vies a 
i ) 


Ry a Ci) + sat aor ry ‘tro8 
A mee ™ va La 


he 


(Sc) | “Sout + a sR: 


7 54 


heed aved 28 pa bas igh wl pe mt ee 
aT oe ed nieve eit we Hg x ok sot is oe ‘a 
4 qwossh eb obimeyp! hiew an s wexqait"to"4 
adiveniad sit sap ait avigen. to rot ‘eout orlt oF 
asod sve scotsoseet ndksplSo aes be: gatbnad eb 
dant a arte ti terewel ”  epaes \brotaua Korte aittay ® il 
ance. yd Songeamene foxk ost 20" nots teog, 10 4 | ) wh a 

ois, abbrarcign6s “Soekioirrssad ® temyeco. edt o —— 
sion mane ahiid ad easone. pésoiv eas ever! been bist : 


137 


and HRP-II was undertaken. Two approaches were used: 

(1) the effect of cyanide on the steady-state ferro- 
cyanide oxidation was investigated, and (2) a possible spec- 
tral change in the Soret region of HRP-II upon cyanide 
addition was examined. 

4.2 Experimental 

Matertals: 

Horseradish peroxidase was obtained from 
Boehringer-Mannheim as a highly purified ammonium sulfate 
Suspension and the solutions prepared and analyzed as des- 
cribed in Chapter 2. Solutions of potassium ferrocyanide, 
potassium nitrate and hydrogen peroxide were prepared and 
handled as described previously. Kinetic studies were 
performed in solutions with an ionic strength, uw, of 0.11 
+ 0.002 with the buffer contributing 0.06y and potassium 
nitrate 0./05,~at pH’ 7:10} and* 5. 00s- -At pH’ 9200 thes glycine 
buffer contributed 0.01 to the ionic strength and potassium 
nitrate 0.10. Appropriate adjustments were made in the 
potassium nitrate concentration when the total contribution 
of potassium ferrocyanide and potassium cyanide to ionic 
strength exceeded 2%. Solutions of. potassium cyanide were 
analyzed by titration with a standard silver nitrate 
Solution (RoOlthotft and Sandell, 1952). 

Steady-State Kinette Studtes: 
The kinetic measurements were performed on a 


Cary 14 recording spectrophotometer equipped with a slide 
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wire for the absorbance range 0 to 0.1 absorbance units. 
The cell compartments were thermostatted at 25°C. Ina 
typical experiment, Seon mieeoio limes of potassium nitrate 
solution (1.00 M) and buffer (uy = 0.20) were pipetted into 
auzo0 ml volumetric. flask to. obtain, a:solution of uv =. 0.22. 
A 5 ml aliquot was pipetted into a 10 ml volumetric flask 
and solutions of HRP, ferrocyanide, and cyanide were added 
by microsyringe. The solution was made up to volume and 
2 ml pipetted into a cuvette which was inserted into a cell 
compartment, and allowed to equilibrate to 25°. The reaction 
was initiated by stirring the solution with a plumper on 
which was deposited a few microliters of hydrogen peroxide. 
The production of ferricyanide was followed at 420 nm. An 
initial velocity was determined by estimating the slope at 
the beginning of the trace. 

At any given set of conditions four traces were 
obtained and the estimated initial velocities were used 
to calculate a mean value. The pH of the solution was 
determined immediately upon obtaining the traces using an 
Orion model 801 digital pH meter in conjunction with a 
Fisher combination electrode. At pH 9.00 the cyanide 
solution was adjusted to the pH of the buffer prior to each 
kinetic study. 
Spectral Measurements: 

It was found that reasonably stable solutions 


containing a mixture of HRP and HRP-II could be prepared 
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6 M HRP solution in tris-nitric acid buffer of 


from a ‘i0° 
pH 7.0 and ionic strength 0.06. Sufficient potassium 
nitrate was added to bring the total ionic strength to 0.11. 
The HRP solution was allowed to stand at room temperature 
for several days. Compound I was prepared by adding 0.9 
molar equivalents of hydrogen peroxide, relative to the 
total amount of HRP, with a microliter syringe to 2.0 ml 

of solution in a cuvette. Compound II was obtained by re- 
duction with 0.5 molar equivalents of p-cresol, also 
relative to the total amount of HRP. The resulting spectrum 
was isosbestic with the spectrum of native HRP at 411 nm. 

It showed no detectable change at 420 nm after 10 minutes, 

a time sufficient to permit the complete execution of the 
experiments. 

In order to demonstrate that HRP-I had been 
reduced successfully to HRP-II, the prepared mixture of HRP 
and HRP-II was observed at 4ll nm. At this wavelength any 
absorbance change should not be related to HRP-II conversion 
to HRP. Excess p-cresol was then added to the solution and 


the change was observed to be Voges absorbance units. There- 


: -6 
fore, at a total enzyme concentration of 10 “M,< 2.5% of the 


enzyme must be present as HRP-I. 

A difference spectrum was obtained by removing 
the cuvette containing water as a reference and inserting 
a matching cuvette containing the original HRP solution 


3 


to which 2.0 x 10 ~ M potassium cyanide had been added. 
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Then, the sample containing the components HRP and HRP-II 
was scanned from 450 nm to 390 nm. Critchlow and Dunford 
(1972) used a similar approach in their studies of the 
binding of p-cresol to native HRP. Addition of 5 x 1077 mw 
cyanide to the sample permitted one to obtain a difference 
spectrum of the resulting mixture. A rapid spontaneous 
decay of a fraction of the HRP-II was observed, caused by 
small quantities of reducing agent in the cyanide which was 
followed by a period where the HRP-II was comparatively 
stable. The decay was estimated to be 10% of the total 
HRP-II present, and a correction was made for this concen- 


M cyanide 


tration change in later calculations. At 5 x 10. 
the error involved upon assuming that all of the native HRP 
is present as the cyanide complex is < 1%. | 
4.3 Results 
Steady-State Ktnette Studtes: 

Previous work (see Chapter 2) has demonstrated 
that the steady-state peroxidase catalyzed oxidation of 


ferrocyanide obeys the double reciprocal form of Lineweaver- 


Burk: 


(4.4) 
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and K the apparent Michaelis constant. Previous work has 
shown that cyanide binds to the native enzyme to form a 
complex over a wide range of pH (Ellis and Dunford, 1968; 
Chance, 1943). Thus, it functions as a dead-end inhibitor. 
With cyanide present the steady-state ferrocyanide oxidation 
should give rise to linear uncompetitive inhibition if 
cyanide combines reversibly with only one enzyme form, 
native HRP. The general form of the double reciprocal plot 


then becomes: 


Sees) + Ste) (4.5) 

1 

where I is the initial inhibitor concentration, and K, is 
the inhibition constant. However, if cyanide binds to more 
than one form of the enzyme, that is, to either or both 

oF HRP-I and HRP-II, then the general form is one of linear 


noncompetitive inhibition: 


dh K a £ iL uM 
Vv — V (2 oP im )() AG ert 5) (4.6) 
1S at 


Thus, because of the effect of the apparent inhibition con- 
stant Kiss the slope of the double reciprocal plot would 
change with changing initial inhibitor concentration. 

| Based on the general reaction scheme shown in 


Fig. 4.1, the specific equation analogous to Eq. 4.6 is 
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HRP-CN’~ 

Ky 
CN7 

Ce 
HRP” 
k; k; 
n+l ks nee 
HRP-IT" <———__ HRP-I 
CN7 CN7 
Z. \Y 
HRP-II-CN " HRP-I-CN”" 


Fig. 4.1: The HRP reaction cycle, showing the possibility 


of cyanide binding’ to’ all’ forms*of/HRP. ‘CN represents 


i ‘2 — 
ali "forms or cyanide, ki = k,[H,0515, ks = k,[Fe(CN) ly, 


-4 
and k3 = k [Fe (CNO, Jo: 


mpi 
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[HRP ] L [CN] 
o . Lie Cale 
V 2k, [H,05], Ky 
| a sae di ib al 
eee te te (og Teo ee ae 
2k5k3 2k 5K, 2k 3K, [Fe (CN) ¢ J Ca] ) 


In this equation the initial velocity is expressed in terms 
of the second order rate constants, dissociation constants 


and concentrations of the reactants and inhibitor. The 


6 
protonated and unprotonated forms of cyanide and ferro- 


initial concentrations [CN] 5 and [Fe(CN) fs refer to all 
cyanide. The relation between the constants of Eq. 4.6 
and the parameters of Eq. 4.7 is shown in Table 4.1. 

To minimize experimental error, optimum conditions 
were selected to detect cyanide binding. Initial cyanide 
concentrations were chosen such that an excess, as large 
as possible, was present without the first term of Eq. 4.7 
becoming dominant. In order to use an initial cyanide con- 
centration of is M or greater, a condition required for 
adequate experimental sensitivity to binding, a concen- 


tration of hydrogen peroxide > abe M was necessary at pH 


= 5.00, At an: initial concentration of 7.5 = 10°74 Mu 
hydrogen peroxide the first term of Eq. 4.7 was not rate- 
limiting, but enzyme denaturation appeared to alter the 


reaction trace. However, the rate of destruction was slow 


and did not affect the measurement of the initial steady- 
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TABLE 4.1 


A Table Relating Parameters from General and Specific 


Steady-State Equations (Eqs. 4.6 & 4.7). 
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state velocity. For an accurate estimate of the initial 
velocity, an initial absorbance change of > 0.002 absorbance 
units/minute was required. For this reason, the initial 
HRP concentration was always large enough to provide a 
reaction rate satisfying this minimum requirement, but 
small enough to permit a rapid attainment of the steady- 
state. Similarly, the initial ferrocyanide concentration 
was always large enough to provide a sufficiently linear 
initial portion of the absorbance vs. time trace but small 
enough to enhance the importance of the second term in the 
ragne sidepor Eq. 4.7. 

The double reciprocal plots obtained at pH 5.00 
for different cyanide concentrations are shown in Fig. 4.2. 
Similar results were obtained at pH 7.10 and 9.00. The 
slopes of the double reciprocal plots from these data are 
tabulated in Table 4.2. Fig. 4.3 is a plot of these slopes 
at pH 9.00 against the cyanide concentration. The slope of 
such a plot determined for all three pH values by linear 
least-squares analysis was zero within the estimated error 
limits. These results are shown in Table 4.3. 

The kinetic data clearly indicate that this steady- 
state system satisfies the case of uncompetitive inhibition. 
If one considers the estimated errors in Table 4.3, then 
cyanide binding occurring to e1ther HRP-L or HRP-IT at pi 
5.00 must be such that (1/2 k,K, + 1/2 kK) < 3.6 x 107" s. 


If the hypothetical case is considered in which no binding 
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Fig. 422: ) The double reciprocal plots of [HRP] )/v Vie. 


ie i i from 0fto 
1/[Fe (CN) 1 at pH 5.00 with [CN] , varying fr 


Timay es Ton M. The invariant slope and changing intercept 
is characteristic of uncompetitive inhibition. 
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SLOPE OF [HRP], /v vs. V[Fe(CN)],x104,(M"-s) 


5 10 15 20 
[CN], «10° ,(M) 


Fig. 4.3: The slopes of [HRP],/v vs. 1/[Fe (CN) 71, plots 
as a function of cyanide concentrations of pH 9.00. The 
error bars indicate twice the standard deviation obtained 


from a weighted linear least-squares determination of the 


slopes. 
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The slope of [HRP] ) [Fe (CNG "],/v, the slopes of Table 4.2, 


Da. [CN] 9. The estimated errors represent the standard 


deviation determined by the linear least-squares analysis 


of the data. 
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2? neo x 1Oes MiCaSamidaniy Lf no 
binding occurs to HRP-I, then K su 6R9CX none Mil ofhe 


occurs to HRP-II then K 


spectrophotometrically determined K, for HRP-CN was 2.0 x 


107° M. Therefore, any binding which occurs to HRP-I and 


HRP-II must be smaller by factors of ate anc S25 x 103 


tEhanethatiwhichpoecturs to ARP atypln5<.007% oSimidarly?atspH 


TplOeKeuwu2 .4ax ifas MevkK 


ShdLGwaLLOL Cu gnK 


3 2 9-3 x 107 M, and at pH 9.00 
2 


K Su6RGmx Ons IMs 
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Using the general scheme for first order series 


2 


and parallel reactions described in detail by Matsen and 
Franklin (1950), a computer program was written in order 

to calculate the pre-steady-state changes in intermediate 
concentrations. The relevant equations and a brief desc- 
ription of the program are to be found in Appendix 2. The 
program considered the steady-state cycle as outlined in 
Eqs. 4.1 - 4.3 and the case of cyanide binding to the 
native enzyme, as was indicated experimentally. It made no 
provision for changing hydrogen peroxide or ferrocyanide 
concentrations, which are components of the system present 
in sufficient excess to ensure pseudo-first-order conditions. 
Published rate constants for the oxidation of ferrocyanide 
(Chapter 2) and the reversible binding of cyanide (Ellis 
and Dunford, 1968) were used in the calculations. The 
computed results showed that, for all conditions used, the 
steady-state concentrations of enzyme species were attained 


to within 99% after 10 seconds, the approximate dead-time 
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of the instrument. The linear correlation obtained by 
plotting the initial velocity vs. HRP concentration at pH 
5.00, shown in Fig. 4.4, provides experimental evidence of 
the validity of the steady-state approximation. A signif- 
icant spontaneous reaction in the absence of HRP was ob- 
served only at pH 5.00 in the presence of cyanide. This 
spontaneous rate was never more than 20% of the observed 
initial velocity and could be completely accounted for as 
a small increase in the intercept of the Lineweaver-Burk 
double reciprocal plot shown in Fig. 4.4. 

From published parameters (Ellis and Dunford, 
1968; Chance, 1949) the intercepts from the double recip- 
rocal plots were calculated. These are tabulated in Table 
4.2 along with experimentally determined intercepts. The 
measured spontaneous rate was added to the calculated inter- 
cepts at pH 5.00, and it is the sum of these two quantities 
which is reported in Table 4.2. Satisfactory agreement with 
the observed intercepts was obtained. The value of K3, 
De Oex 10° Metpace calculated from the results at pH 5.00, 
is in good agreement with a previous value obtained for the 
steady-state ferrocyanide oxidation of 1.9 x 10° ut ont 
Similarly, the k value calculated from results at pH 9.00 
Giese ee d0> MES e oi isin good agreement with previous 
results’ (Hasinoff and Dunford, 1970). 
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Fig.v4.4: \The initial velocity plotted against [HRP] ) 
at pHi.5.00. The linear correlation demonstrates that the 
initial rate is first order with respect to [HRP] , under 
= 3 HOT OM. 
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value of k was 2.4 x 10° ee Si This result was about 
50% larger than would have been predicted for the steady- 
state system from previous work. Experiments performed 

in tris-nitric acid buffer, under otherwise ddentiead con- 
ditions, gave ak, value of 1.4 x 107. m7? st? in agreement 
with the earlier investigations. The rate constant cal- 
culated from a auipliieets set of double reciprocal plots at 
pH 7.20 and phosphate buffer at u = 0.01 (potassium nitrate 
uM=,.0-020) was 174 x 1otemT+.st+, «this provided good evidence 
for a buffer effect observed in the phosphate buffer with 
the larger contribution to the total ionic strength. At 

pH 7.0 in tris buffer the second order rate constant was 

730 -x 10° mv? s7+ at a total ionic strength of 0.02. There- 
fore, there were two effects observed at neutral pH. The 
rate was accelerated by increasing the concentration of 
phosphate while the ionic strength was invariant. In 
addition, the rate decreased sharply with increasing ionic 
strength of the solution. 

Spectral Measurements: 

The spectral results were obtained from solutions 
of HRP-II and HRP to which cyanide had been added. If it 
is assumed that no cyanide binds to HRP-II, then the only 
enzyme species present in solution in appreciable amounts 
are HRP-II and HRP-CN. The change in the spectrum at any 


given wavelength upon cyanide addition is then related to 


the absorbance change occurring upon conversion: of HRP to 
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HRP-CN: 


AA [HRP] [HRP-CN] (4.8) 


D  ©&HRP ~ €en 


The difference in the absorbance between the two spectra, 


Dp! and Eon is the 


molar absorptivity of the HRP-CN. From a spectrum of the 


without and with excess cyanide, is AA 


HRP-CN complex the molar absorptivity was determined at any 


wavelength relative to the calibration value of 9.4 x Gs 


Mwitm sat 423 om (Keilin and Hartree, 1951). The cal- 
culated and observed values for AA, are presented in Table 
4.4 for a number of wavelengths. Within the estimated 
error there is good agreement. Thus, the spectral changes 
occurring upon cyanide addition may be accounted for in 
terms of only two species present in the cyanide solution, 
namely, HRP-CN and HRP-II. Other species which may be 
formed upon cyanide addition either must have spectra very 
similar to HRP-CN and HRP-II or the total contribution which 
they make to the observed absorption at any given wavelength 
must be less than about 10%. 
4.4 Discussion 

The results obtained provide no evidence for ex- 
tensive binding of cyanide to either of the two intermediate 
enzyme forms. Any major interaction of cyanide with HRP-I 
or, HRP-I@, ac it occurs: (Fradovich, 1963), must take place 
at some site removed from the prosthetic group. This must 


necessarily cause only small, undetectable conformational 
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or electronic changes at the active site. In such a case, 
the binding would be not only unobservable with the tech- 
niques used, but also, under these conditions, of little 
kinetic significance. 

It is generally accepted that the observed complex 
formation with native HRP involves the interaction of cyanide 
with the heme at the sixth co-ordination position (Smith 
and Williams, 1970). Apparently, in HRP-I and HRP-II this 
binding site is occupied by a tightly co-ordinated species 
which cyanide is unable to displace. This is in agreement 
with recent one labelling experiments on chloroperoxidase 
(Hager et al., 1973). It is also in agreement with the 
point of view discussed in Chapter 3 that the displacement 
of the bound species in HRP-II is accelerated by protonation 
of this bound group. The influence of ionic strength on the 
reaction rate indicates that reduction of HRP-II with ferro- 
cyanide involves the approach of oppositely charged species. 
The large effect of ionic strength suggests that the species 
involved have large electrostatic charges associated with 
them as one would expect in the case of the ferrocyanide 
anion interacting with a positive center. Thus, the data 
offer reasonable support to the argument of Chapter 3 in 
which the electrostatic interaction of the reactants for 
the HRP-II reduction was used to explain, at least in part, 
the possible difference in the diffusion-controlled rates 


for ferrocyanide and PABA oxidation. 
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Appendix ae 
The Analysis of Stopped-Flow Kinetic Data 


The direct kinetic measurements of this study 
were all investigated under experimental conditions where 
the changing concentrations of the intermediate compound 
of the enzyme were first-order. In other words, the con- 
centration of the HRP compound was always changing exponen- 
tially with time as described by the first-order differential 


equation: 


GOALS bsg. ead ta) (Al.1) 


dt 
where [C] refers to the concentration of the compound HRP-I 
or HRP-II, K he is the first-order rate constant and t is 
the time. Of course, [C] may also refer to some properties 
of the system which is proportional to the intermediate's 
concentration. Integration of Eq. Al.1l gives: 
C[Cl, =[Cl 2) 
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where [Cl]. [C] and [C] refer to the concentrations of the 
co 

compounds at time o, » and t respectively. The half-time, 

that is, the time required for the concentration to decay 


to 50% of its original magnitude, tiy2' is given by: 
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Therefore, the K obs May be obtained without knowing the 
intermediate's initial concentration. This is of great 
practical significance when studying fast reactions of in- 
herently unstable compounds. Under such circumstances the 
absolute starting concentrations are not known with any 
degree of precision. A plot of In ([C] - [C].) against 


The y-intercept 


time will be linear with a slope of “Kops* 


will provide a measure of the concentration of the HRP 
compound at a time which the experimentalist has chosen to 
begin monitoring the exponential change. 

For the reaction of HRP-I or HRP-II with a re- 
ducing substrate S, the overall second-order rate expres- 


sion is: 


“SET = kop [Cl [s] (AL.4) 


dt 
In this equation Keop is an apparent second-order rate 
constant. Because of its dependence on pH, it must contain 
a term in hydrogen ion concentration. If [S] >> [C], then, 
the change in [S] during the reaction may be considered to 
be very small and can be ignored. Under such conditions 
the reaction behaves as a first-order rate law would predict. 


The reaction is said to be overall pseudo-first-order and 


the rate constants Kapp and one are related by: 


obs = K pp! ©! (A135) 
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For the investigations of this thesis, the Kobs 
were obtained from nonlinear least-squares analyses of the 
exponential traces. Graphical analysis of the form 
an fe} = [Cc] .) vs. time were performed occassionally to 
give a visual interpretation of the errors in the exper- 
imental values and to ensure that both graphical and com- 
puter analysis gave essentially the same result. The 
analyses by computer was well-suited to efficient organ- 
ization and calculation of large volumes of repetitous data. 
It also provided the facility to weight the initial data 
most heavily where the feeaeee change in concent easton was 
peruering and the relation was most accurately defined. 
Variation of selected parameters also allowed one to op- 
timize the fit to the experimental results. However, a 
nonlinear computer analysis must be used with caution. 
Graphical methods must be used in conjunction with non- 
linear analysis to establish that the first-order rate law 
described the data satisfactorily. 

In the stopped-flow apparatus, the Boscrions were 
observed as a function of voltage change. The voltage 
was proportional to the intensity of the light reaching 


the photomultiplier and the relation is: 


V a 
5 =F (A1.6) 


where I and I, refer to the light intensity through the 
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sample and vacuum, respectively, and V, me are the cor- 
responding voltages. Since absorbance, A, and the intensity 
are related by: 

x 

fogs jp =n (As) 

Ms 
voltage and absorbance may be related through a series 
expansion and shown to be related in a directly proportional 
fashion for sufficiently small Ebeorpanee snanges (AR <0). 06) 
(Maguire, unpublished results). The equation used for the 
first-order nonlinear analysis was: 


-k C 


V2 AN iva) e eV (Al.8) 


where V Vand Vis refer to the voltages at times t, 


Ga 


infinity and zero, respectively. The variable parameters 


Voy Vand Ko were adjusted to give the best fit to the 


bs 


experimental values Ve and t. It was for this reason 


that ana priort test for a first-order relation was neces- 


sary. 
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Appendix 2 


Derivation of Expressions for the Steady-State HRP 
Catalyzed Ferrocyanide Oxidation in the Presence of Cyanide 
The ferrocyanide oxidation with cyanide present 


may be described by the reactions of Fig. 4.1: 


k 

HRP + H,0. i deg HRP-I (AZ ih) 
“Si 

HRP-CN _——» HRP + CN (A232) 
Ko 

HRP-I + S ——“» HRP-II + P (A2Z3G)) 
Ko 

HRP-I-CN ~——.» HRP-I + CN (A2.4) 
k, 

HRP-II + S ——+HRP + P (A2.5) 
Ka 

HRP-II-CN ==. HRP-II + CN (A2.6) 


where S = Fe (CN) 7 and P = Fe (CN) >>. One may apply the 


following concervation relation: 
[HRP] | = [HRP] + [HRP-CN] + [HRP-I] + [HRP-I-CN] + [HRP-II] 
+ [HRP-II-CN] (AZ ST) 


The concentrations with subscript zeros are always with 
reference to initial concentrations. The initial concen- 


tration of HRP is then: 
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[HRP] = (1 + LCN] ) [ure] ey 5 ae {ON]) (HRP-1] i 
1 2 
Cit {ON} ) (urp-11] (A2.8) 
3 


From the steady-state assumption: 


G[HRP-I] _ = = = 
ae = k, [HRP] [H,0,] k, [HRP I] [S] = 0 
(A2.9) 
G{[HRP-IIT] _ k, [HRP-I][S] - k, [HRP] [Ss] = 0 (A2.10) 
dt 


Therefore from Eq. A2.9 and Eq. A2.10: 


k,[S] [HRP-T] 


ee ee ee a (A2.11) 
k, [H,0,1 
K, [HRP-T] 
FRE] = ees (A2.12) 
= 


Substitution of Eq. A2.11 and Eq. A2.12 into Eq. A2.08 and 


rearrangment gives: 


[HRP-I] = 
[HRP]. (A2.13) 


(c, [8] /k, [H,0,1) (1+ [CN] /K,) + (1+ [CN] /K,) +k,/k3 (1+ [CN] /K,) 


Following the reaction by monitoring the increase in product 


concentration, the velocity may be expressed as: 
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GIP] _ , [s][HRP-I] + k.[S] [HRP-IT] (A2.14) 
dt 2 3 ; 


Substituting Eq. A2.12 into Eq. A2.14 gives: 


GEP Fer al 
oy: rola 2k. [S] [HRP ¥ (A2.15) 


Substituting Eq. A2.13 into Eq. 2.15 and expressing the 


system in terms of the initial velocity v: 


2k5[S] , [HRP], (A2.16) 


(k, [8] ,/k, [H,051) (1+ [CN] (/K,) +k/k3 (1+ [CN] (/K3) + (1+ [CN] (/K,) 


Putting Eq. A2.16 in the form of a Lineweaver-Burk double 


reciprocal relationship gives Eq. 4.7: 


[HRP] 1 [CN] Koa 
e308 — — 1+ £ + ee + 
Vv 2k, [H,05], Ky 2k 5k, 
1 1 ti 
+ [CN]. (421.7) 
2k,K, 2k 4K, [S]. 


Since ky >> k this expression may be further simplified to: 


[HRP] 
es. ES (A2.18) 
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The slope of [HRP] §/v plotted against 1/[S], will be 


1/2k, + (1/2k,K + 1/2k3K,) [CN], and: the intercept 


2 


1/2k, [H, (1 + [CN] ./K,)- If binding to either inter- 


O51, 
mediate compound occurs then a plot of these slopes against 
[CN] , should result in a linear correlation with a positive 
slope. However, in order to observe the effect of [CN] 
conditions must be used such that the term in [H,05], of 
Eq. A2.18 is not dominant. 

If the [CN] . = 0 then the terms in [CN], are no 
longer significant and the Eq. A2.18 reverts to the simple 


steady-state case published elsewhere (Hasinoff and Dunford, 


1970): 


[HRP] 1 i 1 
te $2 


ee ee ee 


(A2.19) 


Vv 2k, [H,05], 2k [S], 


In order to establish whether the steady-state 
assumption is valid, the time required to attain the steady- 
state must be estimated. This is done by calculating the 
change in concentrations of the components in the pre- 
steady-state phase. The HRP reaction cycle shown in Eq. 
A2.1 through Eq. A2.6 with cyanide binding only to the 


native HRP may be represented by: 
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B 
ki ve KS 
(A2.20) 


A————_- C 


where kis KS and K3 are defined in Fig. 4.1, Ky = k, [CN], 
A = HRP, B = HRP-I, C = HRP-II and D = HRP-CN. A published 
value of ki has been found to be pH independent over the 
region of interest (Chance et al., 1967). Values of Ko, 
k3, ky and Ke as a function of pH are listed elsewhere 
(Hasinoff and Dunford, 1970; Ellis and Dunford, 1968). 

The following equations were derived, using the 
method outlined by Matsen and Franklin (1950). In the 


absence of cyanide, the system is characterized by two 


relaxations TY and T5? 


tL = 1/2tp + a) (A2.21) 
1a 

ee 

= = 1/2(p - q) (A2.22) 
2 

where 
p =kj + ky +k} (A2.23) 
—_ 2 ' ' 1 ' ' 1/2 

q= [po - 4(kj}k3 + kjk} + kjk3)] (A2.24) 


The rigorous equations for [A], [B] and [C] as a function 


of time are: 
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Mrueror kee Mirora Toy Kees y? at 10"; "and ki = 4.99 all 
in st the concentration of B reaches 95 percent of its 
steady-state value in 20 ms. 

When cyanide is present, one obtains from Eq. 


A2.20 a cubic equation: 


if ih si 


mate Cages + q— +r=0 (A2.28) 
eas 45 w 
where 
BAA, qeeck ' i] t] ' 
p= -(kj + ko + ky + ky + k,) (A2.29) 
= the! tk ’ tk! the ' 
q kik, + kik, + kik. + kyk3 + kjk, co kok, + k3k) + k3k. 
(A2.:30) 
ten 8 Es 1 f] i] 1 
r= (kj kok. + ki k3k. + k5k3k, + k5k3k,) (A2.31) 


A computer program was used to generate a table 
of concentrations of the four enzyme species present at 
equal time intervals prior to the attainment of the steady- 
state. A listing of the program is to be found on the 
final pages of this Appendix. Numerical values for the 
three relaxation times were obtained by the solution of 

Eq. A2Z.28. Having four differential equations in’ four 
dependent variables a general solution for an enzyme inter- 
mediate E may be expressed as: 
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The coefficients Y, were obtained by solving the corres- 


ponding coefficient matrix at zero time. The constants 
x, were calculated from the particular solutions and had 


the values: 


x, = ue (A2.33) 
Xo = ki / (ks = 1/1) (A2.34) 
X3 = kyk5/ (ky + k/ 1%) (k3 aE 1/ 13) (A2.35) 
Xe ki /(k3 op 1/3) (A2.36) 


Under the experimental conditions used, calculated changes 
in concentration indicated that the steady-state assumption 


was valid. 
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C CALCULATION OF STEANY=STATE HRP CYCLE WITH CYANIDE 
C DATA INPUT: RATE CONSTANTS 


anaan 


10 


INT TIAL HRP CONCENTRATION 
HRP RATE PARAMETERS 
COEFFICIENT MATRIX AND RHS VECTOR 


REAL K1,K2,K3,K4,K5,A0,T11,T12,713,01,02,03,04,05,Q1,92,93,04,TE1, 
1TE2,TE3, INT, STN, RSTN,RT,HRP(500),HRP1(500),HRP2(500),HRPCN(500), 
2T(500) 

REAL BBCH, 4), RROW),ACK,4),B04),X(4), EVROG),EVIC4), 
SVECR(K,4),VECI C4, 4), 0G04,4) 

REAL*®& OPR(50),0P1(50),FPS, ZEROR(50),ZEROI(50),FBND(50) 

INTEGER DEGREE,NODIST,MULT(50) 

INTEGER PIVOT(K), INDIC(K) 

LOGICAL RLPOLY,FLAG(50),TRYIMP, FAIL 


STN=0.01 

Ad=1 

DEGREE=3 

NC=NEGREF+1 

Nel 

REAN(S,200)K1,K2,K3,Kh4,K5, INT 
IFCINT.FQ.999.)GO TO 104 

OPR(1)=1. 

OPR(2)=-(K1 + K2 + K3 * K& + K5) 
OPR(3)=K1*(K2 * K3 + K5) + K2*(K3 + Kh + K5) + K3"(Kb + K5) 
OPR(4)=-(K1*K5#(K2 + K3) + K2*K3*(Kh + K5)) 
CALL CS281ACOPR, DEGREE, ZEROR, ZERO!I, FAIL) 
IF(FAIL) GO TO 10 

TI1=ZEROR(1) 

TI 2=ZFROR(2) 

TI3=ZEROR(3) 

AGI Vet. 

A(1,2)21. 


A(2,1)2K1/K2 

AC 2,2)2K1/(K2-TI1) 

AC 2,3)=K1/(K2-T12) 

AC2,4%)=K1/(K2-T13) 

A(3,1)=K1/K3 
AC3,2)=((K1+Kb= TIL) -KG*K5/(K5-T11))/K3 
A(3,3)=CCK1FKN-TE2)-KieKS/ (K5-T12))/K3 
AC3,4)=(CK1+K= TI 3) -KGeK5/(CK5-TI3))/K3 
ACh, 1)=KU/KS 

ACh, 2) =K4/(K5-TH1) 

ACh, 3) =Ku/(K5-T12) 

ACh, 4) sKh/ (K5-TI3) 

B(1)=A0 

B(2)=0. 

B(3)=0. 

BCk)#1. = AO 

CALL CSO09A(A,B,X,N,BB,RR, PIVOT) 
Q1=X(1) 

Ces cee) 

03=X(3) 

Nh=X(h) 


C INITIAL CONDITIONS 


N=450 
T(1)=0. 
HRP(1)=B8(1) 
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HRP1(1)=B(2) 

HRP2(1)=R8(3) 

HRPCN(1)#B(4) 

ERATE TARLE OF CONCENTRATIONS 
DO 11 122,N 

T(1)=TC1-1) + INT 
TELSEXP(-TCI)* TIL) 
TR22EXP(-TC1)*T12) 
TES=EXP(-TCI)*TI3) 


HRPC1)=Q1 + Q2*TE1 + Q3eTE2 + he TES 


HRP1CL)=Q1’*K1/K2 * O2wKI#TEL/(K2 = TI1) + O3*K1*TE2/(K2 - TI2) + 
1Nh*KI*TE3/(K2 - TI3) 


HRP2(1 )=Q1*K1/K3 
1N2*TEL*C(K1 + Kh 
2Q3*TE2*((K1 + Kh 
3NbeTES*((K1 + Kb 


TIL)/K3 - KU*KS/(K3*(K5-TI1))) + 
T!2)/K3 - KheKS/(K38(K5 = T12))) + 
TI3)/K3 - Kh*KS/(K3*(K5 = T13))) 


66 + 


HRPCN(1)=Q1*KU/K5 + Q2*KKeTEL/( KS - TI1) + O3*eKheTE2/(K5 = TI2) + 
1QNh*KheTE3/(K5 - TI3) 


(FCCl + 50).GT.N)GO TO 11 

IFCABS(CHRPCN(1) - HRPCN(1-1))/CHRPCNCL) = HRPCN(1))).LT.STD)N= 
Ss! + 50 

CONTINUE 

RSTN=100.-STN*100. 

RT= T(1-50)*1000. 

XRSTN=100. - RSTN 

L=!-51 

N=1-50 

WRITEC6, 201)K1,K2,K3,Kh,K5,RSTND,RT,L,M,XRSTN, INT 
WRITE(G, 204)TI1,TI2, T13 

WRITE(6, 205)01,92,03,9h 

WRITE(6, 202) 

NOTL2 tat 

M=L-1 

WRITE(6, 203)M,HRP(L),HRP1(L),HRP2(L),HRPCN(L) 


C FORMAT STATEMENTS 


99 


200 
201 


202 
203 
204 
205 


104 


FORNAT('-COLUMNS ARE ZEROS(REAL, tMAGINARY),BOUNDS,MULTIPLICITY, 
1OVERLAP FLAGS'//) 

FORMAT (6F10.1) 

FORMAT('1', 'THE HRP REACTION CYCLE WITH! CYANIDE BINDING TO HRP'/ 
15X/5X/"RATE CONSTANTS GIVEN FOR THE REACTION SCHEME ARE: K1l=',E12. 
26/51X, "K2=",£12.6/51X, "K3=",£12.6/51X, 'Khe!',£12.6/51X, 'K5=",£12.5/ 
3'"THE TIME REQUIRED TO REACH',F6.2,1X,'PERCENT OF TIIE STEADY-STATE 
KFOUILIBRIUMN 1S:',F7.2,1X, "MILLISECONDS, '/ 

S'THAT 1S, THE PERCENT CONCENTRATION CHANGE OF HRPCN BETVIEEN ',13, 
61X, 'AND',13,1X%,'1S LESS THAN',F5.2,1X, "PERCENT RELATIVE TO ITS'/ 
T'TOTAL CONCENTRATION CHANGE FROM ZERO TIME. '/ 

8'CYANIDE HAS BEEN ANDFD \VitTH PEROXIDE TO THE SYSTEM. '/ 
9'INTERVAL=',F5.3,1X, 'SECONDS.') 

FORMAT('=',5X/5X/38X, "TABLE OF CONCENTRATIONS OF SPECIES PRESENT'/ 
1SX/5X/34X, IRP',12X, "HRPL',11X, "HRP2', 10X, 'HRPCN'/5X) 


BORMATC. 0, USX So, SF Lo eth) 

FORMAT('="', "THE RELAXATION CONSTANTS ARFE:', 3615.7) 
FORMATC'=", "THE COEFFICIENTS ARF: 'hE15.7) 

GO TO 10 

STOP 

END 
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Appendix Ss 
The Derivationof an Expression for the Dependence of 


Absorbance on pH for Two Spectrophotometrically 
Observable pk Values 


Consider the two independent ionizations occurring 
on a molecular species having three states of protonation 


By CHey. and dsb: 


2 
Rig 
HB <== H + B (A383 2) 
Kos 
H.B ==> H + HB {(ASe2) 


2 


where the two acid dissociation constants Kis and Ko 5 are 


defined by: 
[H] [B] 
K = ae (ASe3) 
ls [HB] 
[H] [HB] 
Ko a ethers (A3.4) 


The total concentration of all the different states of 


protonation [B] is given by: 


[B], = [B] + [HB] + [H,B] | (A3.5) 


and the total absorbance due to all the various species in 


solution, A, at a given pH is: 


A= €, [B] = Epp HB] + “4B [HB] (A3.6) 


218. gi bie | A Bsaasenoo notte 


(2. Eh 


Ai esastie guottey add its oF oe ris . 
et Me savy yh 


(8.£4) PHM ES + fats + ae ai 


where ¢€ € and ¢€ are the molar absorptivities of B, 


B’ “HB H.B 


HB and HOB, respectively. Substitution of Eq. A3.3 and 


Eq. A3.4 into Eq. A3.5 and rearrangement gives: 
[B] 


0  ——  ——————————— (A3.7) 


2 
(1 + [H]/K,, + [H]°/K, x,.) 


Similarly, substitution into Eq. A3.6 gives: 


[B] (A3.8) 


Therefore, the final expression becomes upon combining 


Eq: A3.7 and ‘Eq. ‘A3 8: 


€ 
H.B E 
Skis gee Hp <<. 
KK, iat 3 
A= [B]_  (A3.9 
2 re) 
1. 
K K._K 
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Appendix 4 
Concerning the Observed Deviations from First-Order 
Kinetics for the Aromatic Amine, p-Aminobenzoic Acid 


First, consider the case of two parallel first- 


order reactions producing a common product: 


Ky 

A tec (A4.1) 
Ko 

Bo 46 (A4.2) 


where A and B may represent two reactive forms of either 
HRP-II or the substrate PABA, and C represents the native 


enzyme. In the presence of either A or B but not both: 


TRS Weyl crea | eres) 

[B] = [B],e° *2* (A4.4) 

but Cla toon ee GUAT 20 Ey (A4.5) 

since [Cl], = [Al, + [Bl], (A4.6) 

feleeicle an lal_ ele epee oe (A4.7) 
in {this expression [C]_ - [C] may be\related fo the absor- 


bance change AA for HRP-II reduction: 


-k,t “kot 


AA = [Al] .e =e [B] .e (A4.8) 


A plot of log AA ve.*time t gives a linear correlation only 


[Al], = 0 or [B]. = 0. If HRP-II reduction is 
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accurately described in terms of two reactive forms of HRP- 
II or of PABA, then, the system may be readily resolved into 
two first-order reactions if one of the reactive forms 

(say A) has a smaller concentration that the other form (B). 
The final linear portion of the trace shown in Fig. 3.3 may 
be analyzed as a simple first-order reaction to yield the 
slope of ~k,/2.303 and intercept [Bl]. From this infor- 
mation [A] may be calculated from the initial curvature by 


difference: 
[A] = [c]_ - [c] - [B] (A4.9) 


and the resulting data for [A] analyzed also by first-order 
kinetics. 

This is in contrast to alternative possibility 
which is not likely to occur if the two reactive forms are 


substrate related or a result of HRP isoenzymes: 


jes 5 (A4.10) 
k Ko 
A ——>B —_> CF (A4.11) 


In this case an additional step has been introduced in 

which B is formed from A rather than being present initially. 
This reaction sequence may be described also by Eq. A4.8. 
However, because [Bl], = 0 the value of Kk) may be estimated 
from the initial slope of the correlation (Fig. 3.3). The 


coefficient [B] in Eq. A4.8 now represents [A], minus the 
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amount of A which forms C directly rather than by way of 
the intermediate B. The final linear portion defines a 
regime in which A has been totally converted to B. Again, 


first-order kinetics will allow the estimation of ko. 
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Appendix 5 


Concerning the Characterization of HRP 

The enzyme preparation obtained from Boehringer- 
Mannheim has been isolated in electrophoretically purified 
quantities by the classical preparation technique of 
Shannon et al. (1968). It has been shown by many workers 
(Phelps and Antonini, 1969; Yamazaki et al., 1971) that 
such a technique isolated efficiently isoenzymes B and C 
(Shannon et al., 1968) from crude horseradish extracts. 
That the procedures used to purify the commercially avail- 
able sample are consistent with the presence of only iso- 
enzymes B and C indicated by laboratory analysis (Roman, 
1972) on a lot to lot basis has been established (M. Iqbal, 
Oxford Enzyme Group, preparation laboratory, personal 
communication to H.B. Dunford). Separation of these two 
isoenzymes would necessarily involve a tedious five column 
procedure (Biozymes Inc., Buckingham-Shire, England). Such 
high purity enzyme preparations are only available at 
considerable expense. 

The consistency of the preparation was monitored 
for lot to lot variations by insuring that the P.N., defined 
as the ratio of absorbance at 403 nm to that at 280 nm, was 
never less than 3.1. This is a good test for an intact 
heme-protein system with a minimum amount of denatured 
protein present. The kinetic reproducibility indicates good 


lot to lot consistency. Such experimental evidence for 
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enzyme characterization is analogous to data obtained from 


assay methods for activity. 
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